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PURPOSE AND SCOPE 

To d i s c u s s  the meteoroid hazard t o  the c u r r e n t l y  

conceived Apollo mission,  a knowledge of t h r e e  f a c t o r s  I s  

r equ i r ed .  

These a r e  (1) the p o t e n t i a l  hazard o f f e r e d  by t h e  

environment, (2) t h e  s u s c e p t i b i l i t y  of the s p a c e c r a f t  a s  

i n d i c a t e d  by i t s  d e t a i l e d  des ign ,  and ( 3 )  t h e  a l lowable  

hazard,  a s  governed by cons ide ra t ions  of o v e r - a l l  system 

r e l i a b i l i t y  . 
The scope of t h i s  document i s  r e s t r i c t e d  t o  the f i r s t  

f a c t o r .  
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ABSTRACT 

The meteoroid environment of the Apollo mission is 

reviewed. 

sen ted .  The p r i n c i p a l  i n p u t s  a r e  t h e  Explorer  XVI p e n e t r a t i o n  

d a t a ,  the  f l u x  mass r e l a t i o n s  f o r  v i s u a l  and r a d a r  meteors,  

A model f o r  engineer ing des ign  purposes  i s  pre-  

and a modified A m e s  pene t r a t ion  equat ion.  

meteor of v e l o c i t y  30 km/second h a s  a mass of one gram and a 

The ze ro  magnitude 

d e n s i t y  of one gram per  cc. 

i t  is es t imated  t h a t  t h e  s o l i d  s k i n  th i ckness  r equ i r ed  f o r  

p r o t e c t i o n  t o  a given impact p r o b a b i l i t y  i s  known t o  a f a c t o r  

of  about  2.1 t imes.  

Af t e r  a n a l y s i s  of a v a i l a b l e  d a t a ,  

Erosion r a t e s  a s  es t imated from Explorer  X V I  d a t a  a r e  

, n e g l i g i b l e .  The v a r i a t i o n  o f  p e n e t r a t i o n  hazard among low 

e a r t h  o r b i t ,  

smal l .  

deep space,  and t h e  l u n a r  s u r f a c e  i s  
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PREFACE TO THE SECOND EDITION 

I n  t h e  first e d i t i o n  of "The Meteoroid Environment of 

P r o j e c t  Apollo", r e v i s i o n s  were promised "as  more experimental  

f a c t s  become a v a i l a b l e . "  Very cons iderable  progress  has  been 

made and i t  seems appropr ia te  t o  up-date the document a t  t h i s  

time. 

New t o p i c s  t o  be discussed a r e  the Explorer  XVI r e s u l t s ,  

and some pre l iminary  pub l i ca t ions  of t h e  Harvard Radio Meteor 

program. Professor  Whipple's most r e c e n t  meteoroid model i s  

d iscussed  i n  an  appendix, a s  i s  t h e  proposed SA-9 experiment .  

The s e c t i o n s  d e a l i n g  w i t h  t h e  na tu re  of d u s t  b a l l s ,  hype rve loc i ty  

impact measurements, and the  hazards  i n  deep space and the l u n a r  

s u r f a c e  a r e  expanded o r  s u b s t a n t i a l l y  a l t e r e d .  A new "bes t  

e s t i m a t e  f o r  engineer ing  purposes" w i l l  be presented .  

Despi te  t he  increase  i n  s u b t l e t y  and i n  volume, t h e  i n -  

formation d i r e c t l y  p e r t i n e n t  t o  t h e  puncture  of t h e  Apollo space-  

c r a f t  has  not  improved much i n  accuracy.  The u n c e r t a i n t i e s  i n  

luminous e f f i c i e n c y ,  meteoroid composition and s t r u c t u r e ,  and i n  

t he  p e n e t r a t i o n  law have not been s u b s t a n t i a l l y  reduced.  Fur ther -  

more, the  nominal puncture p r o b a b i l i t i e s  have not  changed 

s i g n i f i c a n t l y ,  a number of small  changes having compensated each 

o t h e r .  

A s  i n  t h e  first e d i t i o n ,  t h e  t e x t  i s  d i r e c t e d  towards t h e  

development of the  "model", and more d e t a i l e d  s t u d i e s  appear  i n  

the  appendices .  The r e fe rences  a r e  l i s t e d  a l p h a b e t i c a l l y ,  and 

a t a b l e  of symbols i s  included a s  Appendix 1. 



THE METEOROID ENVIRONMENT OF PROJECT APOLLO 

SECOND EDITION 

1.0 INT RODU C T I O N  . 
The Apollo spacec ra f t  w i l l  encounter  l a r g e  numbers of 

meteoroids  on i t s  lunar  l and ing  mission.  The v a s t  ma jo r i ty  
of t h e  p a r t i c l e s  a r e  small ,  and a r e  not  dangerous a s  f a r  a s  
puncture  i s  concerned. On t h e  o t h e r  hand, l a r g e r  meteoroids  
(on the o r d e r  of a kilogram) a r e  s o  in f r equen t  a s  to- be 
n e g l i g i b l e .  The p a r t i c l e s  of r e a l  concern have d iameters  
under a mi l l ime te r ,  and weights  i n  the mi l l ig ram range. 
The v e l o c i t i e s  of these  specks a r e  c h a r a c t e r i s t i c  of any 
bodies  i n  o r b i t  around t h e  sun. They range ( e n t e r i n g  t h e  
e a r t h ' s  atmosphere) from 10 t o  70 km/sec. The k i n e t i c  
energy pe r  u n i t  mass far exceeds t h e  y i e l d  of TNT. 

Enhanced o r  reduced hazards  occur  where e i t h e r  t h e  
mass o r  v e l o c i t y  d i s t r i b u t i o n  of t h e  p a r t i c l e s  I s  a f f e c t e d .  
Near a p l a n e t a r y  mass t h e  p a r t i c l e  v e l o c i t i e s  a r e  inc reased .  
Meteoroid s t reams o r  showers fo l low narrowly def ined  o r b i t s  
around t h e  sun. Depending on the  popula t ion  of t h e  p a r t i c u -  
l a r  shower, s u b s t a n t i a l  i n c r e a s e s  i n  hazard a r e  p o s s i b l e  
when t h e  s p a c e c r a f t  i n t e r c e p t s  such an o r b i t .  On t h e  
e a r t h ' s  su r f ace ,  t h e  atmosphere reduces t h e  hazard t o  n i l .  

Other inhomogeneities i n  t h e  meteoroid d i s t r i b u t i o n  
today seem l e s s  important.  Though a l a r g e  number of 
sma l l e r  p a r t i c l e s  may be i n  o r b i t  around- t h e  e a r t h ,  t hey  
do not  present  a hazard. On t h e  moon's su r f ace ,  each 
primary meteoroid impact w i l l  g ene ra t e  q u a n t i t i e s  of 
secondary p a r t i c l e s  of low v e l o c i t y ;  q u a n t i t a t i v e  c u r r e n t  
e s t i m a t e s  suggest s t rong ly  t h a t  t h e s e  a r e  n o t  dangerous.  

The hazard t o  a g iven  space f l i g h t  may, be descr ibed  
by two numbers: f i r s t l y ,  a p r o b a b i l i t y  of puncture;  and 
secondly,  a depth o r  degree of s u r f a c e  e ros ion .  It appears  
that  the e r o s i o n  hazard i s  very  sma l l ,  

The puncture  p r o b a b i l i t y  i s  p ropor t iona l  t o  t h e  
"exposure" of t h e  spacec ra f t ,  def ined  a s  t h e  product  of i t s  
a r e a  by the  t ime i t  spends i n  a r eg ion  of homogeneous 
danger .  
seconds.  

The u n i t s  of exposure a r e  chosen as square meters  

The exposure of t h e  Apollo mission s e t s  narrow l i m i t s  
on t h e  meteoroid f luxes  of i n t e r e s t .  For  an o rde r  of 
magnitude e s t ima te  of t h e s e  l i m i t s ,  we assume t h e  Apollo 
a r e a  t o  be 70 square meters ,  and t h e  l e n  t of t h e  mission 
t o  be 14  days.  The exposure i s  about  10 m s e c ,  The wall  
t h i cknesses  range f r o m  one h a l f  t o  f i v e  m i l l i m e t e r s  of 
s i n g l e  aluminum wal l ,  

8 8  

Suppose w e  are concerned wi th  a s t r u c t u r a l  wal l  
equ iva len t  ( a s  f a r  as p e n e t r a t i o n  i s  concerned)  t o  T meters 
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of aluminum. The pene t r a t ing  f l u x ,  N ( T ) ,  i s  def ined  a s  
t h e  mean number of meteoroids impact ing t h i s  w a l l  p e r  
square meter,  pe r  second, p e r  2-r s t e r a d i a n s  ( i . e . ,  from 
one s i d e )  capable of p e n e t r a t i n g  T o r  more meters  of 
aluminum. This  i s  a cumulat ive,  omnidi rec t iona l ,  f l u x ,  
i nc lud ing  a l l  p a r t i c l e s  wi th  g r e a t e r  p e n e t r a t i n g  power. 
Spacecraf t  i n  low e a r t h  o r b i t  a r e  "sh ie lded"  below by t h e  
e a r t h .  Dr. Whipple (63) quotes  a "near e a r t h  f l u x "  which 
i s  au tomat i ca l ly  smal le r  by a half  than  t h a t  used he re .  

F o r  a given th ickness  and mission exposure,  E, t h e  
mean impact r a t e  i s  E N ( T ) .  

If E N i s  less  than a t e n t h ,  t h i s  i s  n e a r l y  t h e  
p r o b a b i l i t y  of one impact, PI, and, approximately,  

P1- E N ( T )  , E N(T)<< 1. 

The " s i g n i f i c a n t "  meteoroid f l u x e s  f o r  Apollo des ign  
a r e  those  which a r e  expected t o  impact i n f r e q u e n t l y  -- 
t h a t  i s ,  the  s k i n  mus t  be proport ioned t o  withstand those  
p a r t i c l e s  which impact  o n l y  once i n  many missions.  
P i  i s  perhaps 10-1 t o  10-3. 
t h e  " s i g n i f i c a n t  f l u x  range' '  becomes 

BTBen With an exposure of 10 m sec ,  

S i g n i f i c a n t  f l u x  f o r  
Apo l lo :  IO-"< N ( T ) <  10-9 m-2 s e c - l  (1.2) 

The primary ob jec t ive  of  a meteoroid environment 
model f o r  P ro jec t  Apol lo  i s  t o  d e s c r i b e  t h e  p r o p e r t i e s ,  
i nc lud ing  t h e  s k i n  j u s t  pene t r a t ed ,  of p a r t i c l e s  having 
these  f l u x e s .  

I n  a d d i t i o n ,  the environment model should d e s c r i b e  
t h e  " s i g n i f i c a n t  f l uxes"  for a s u i t e d  a s t r o n a u t .  We may 
assume h i m  t o  have an  a r e a  of 2 square meters  exposed f o r  
one day, o r  an exposure of 105m2sec. 
f l u x e s  a r e ,  by t h e  same reasoning,  

The s i g n i f i c a n t  

S i g n i f i c a n t  f l u x  f o r  
a s t r o n a u t :  N ( T ) <  (1.3) 

Proof t e s t s  t o  determine t h e  r e l a t i v e  puncture  r e s i s t a n c e  
of aluminum and mul t i - l aye r  f a b r i c s  l i k e  those  proposed 
f o r  t h e  Apollo s u i t  a r e  i n  p rogres s ,  

F i n a l l y ,  t h e  environment should d e s c r i b e  t h e  degree 
of e r o s i o n  expected on an Apollo mission.  Pene t r a t ion  
informat ion  can be converted i n t o  an expec ta t ion  o f  
c r a t e r i n g  on t h i c k  t a r g e t s .  The s i g n i f i c a n t  f l u x e s  f o r  
e r o s i o n  a r e  those  of t h e  most numerous p a r t i c l e s .  

I n  t h i s  document, t h e  puncture  environment f o r  space- 
c r a f t  and a s t r o n a u t  w i l l  be emphasized. A s e c t i o n  on 
e r o s i o n  concludes the t e x t .  
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L e t  us cons ider  t he  sources  o f  i n fo rma t ion  on 
meteoroid p e n e t r a t i o n  r a t e s .  The most u s e f u l  in format ion  
f o r  Apollo would be obta ined  from p e n e t r a t i o n s  measured 
i n  eng inee r ing  s t r u c t u r e s ,  o r  p e n e t r a t i o n  dep ths  measured 
on recovered veh ic l e s .  To be optimum, however, t h e  
s t r u c t u r e s  should exceed a mi l l ime te r  i n  t h i c k n e s s ,  and 
the  exper imenta l  exposure should be many times that  of  
Apollo. The scheduled Saturn-launched micrometeoroid 
measurement capsu l  s (SA-9, SA-8) ( s e e  Appendix 7 )  o f f e r  

To compensate, t h e  t h i n  experiments  ( f o r  g iven  exposure 
have high coun t ing  r a t e s  and may d e f i n e  v a r i a t i o n s  o f  t h e  
puncture  f l u x  wi th  space and t ime,  

good exposure (101hn2sec) b u t  a r e  somewhat t h i n  (0.4 mm 

The c u r r e n t l y  a v a i l a b l e  informat ion  i n c l u d e s  pene t r a -  
t i o n  measurements made i n  a f l u x  range higher  t h a n  the  one 
o f  d i r e c t  r e l evance  t o  t h e  Apollo s p a c e c r a f t ,  and i n d i r e c t  
measurements (meteor d a t a )  r e q u i r i n g  much i n t e r p r e t a t i o n .  

The v e r y  va luable  r e s u l t s  from Exp lo re r  XVI d e f i n e  
t h e  n e a r - e a r t h  puncture r a t e  down t o  a f l u x  o f  about  5x10-7 
and up t o  a t h i ckness  of about 0.2 mm of  e q u i v a l e n t  
aluminum. I n  t h i s  range, t h e  meteoroid hazard i s  less 
than  was g e n e r a l l y  a n t i c i p a t e d .  For i n s t a n c e ,  t he  puncture  
ra te  of 1 m i l  bery l l ium copper i s  t h i r t y  t imes l e s s  than  
t h e  nominal e s t ima te  i n  t h e  f i r s t  e d i t i o n  of t h i s  paper,  
which was based p r i n c i p a l l y  on t h e  i n d i r e c t ,  meteor d a t a .  
The d i sc repancy  i s  not f a r  beyond the  expected e r r o r "  of  11 

t h a t  e s t i m a t e ;  however, t h e  r e l a t i v e  puncture  r a t e s  i n  
one and two m i l  bery l l ium copper  a r e  i n c o n s i s t e n t  w i t h  
t he  o l d e r  e s t ima te . -  A s t r a i - h t  l i n e  e x t r a p o l a t i o n  of  t he  
Exp lo re r  X V I  r e s u l t s  t o  t he  ' s i g n i f i c a n t  range"  f o r  Apollo 
exceeds t h e  o ld  e s t ima te  t h e r e .  

The o t h e r  da t a  a r e  i n  t h e  form o f  p a r t i c l e  f l u x e s  
measured a s  a func t ion  of impact momentum, meteor b r i g h t -  
ness ,  and meteor t r a i l  i o n i z a t i o n .  Only t h e  l a t t e r  a r e  
i n  t he  s i g n i f i c a n t  range. To be u s e f u l ,  these  d a t a  r e q u i r e  
cons ide rab le  i n t e r p r e t a t i o n .  They must be combined wi th  
l a b o r a t o r y  e s t ima tes  of p e n e t r a t i o n  which a r e  themselves  
d i s c o r d a n t .  The i n t e r p r e t a t i o n  i s  d i f f i c u l t .  We d i s a g r e e  
s t r o n g l y ,  f o r  i n s t ance ,  w i th  Dr. F.  W. Whipple on s e v e r a l  
a s p e c t s  of  h i s  recent  meteoroid model (Whipple 63).  

I n  t h e  fol lowing pages t h e s e  d a t a  a r e  reviewed. An 
a t t empt  i s  made t o  produce a bes t  e s t i m a t e  of hazard r a t e s ,  
t o g e t h e r  w i t h  an e s t ima te  of  conf idence .  The e r r o r  i n -  
t e r v a l  i s  wide; t h e  a p p r a i s a l  i s  s u b j e c t  t o  r e v i s i o n  a s  
more exper imenta l  f a c t s  become a v a i l a b l e .  
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2.0 METEOROIDS: GENERAL 

T h i s  s e c t i o n  i s  concerned w i t h  q u a l i t a t i v e  d e s c r i p -  
t i o n  and d e f i n i t i o n s ,  For  a broader  background, t h e  r eade r  
i s  advised t o  read McKinley (1961) or, f o r  a sp lendid  
semi technica l  account,  Watson (1956). 

A meteoroid i s  a small o b j e c t  i n  space,  Upon e n t e r -  
i ng  t h e  e a r t h ' s  atmosphere, i t  i s  consumed, e m i t t i n g  
l i g h t  -- i n  s h o r t ,  i t  becomes a meteor,  Heavier o b j e c t s  
may reach  the ground. These may be recovered a s  m e t e o r i t e s ,  
L igh te r  o b j e c t s  too  f a i n t  t o  be seen may gene ra t e  enough 
i o n i z a t i o n  t o  be de tec ted  by r a d a r  a s  r a d i o  meteors .  
Micrometeoroids a r e  p a r t i c l e s  s u f f i c i e n t l y  small  t h a t  t h e  
hea t  generated i n  passing through t h e  atmosphere can be 
r a d i a t e d  away without t he  consumption of t h e  bodv. The 
r e s u l t i n g  micrometeori tes  may be- c o l l e c t e d  ( a s  mignet ic  
d u s t  p a r t i c l e s )  on e a r t h .  

The meteoroids  f a l l  i n t o  two f a m i l i e s  c h a r a c t e r i z e d  
by o r b i t  a s  a s t e r o i d a l  and cometary p a r t i c l e s .  Mechanical 
s t r e n g t h  and o t h e r  p r o p e r t i e s  c o r r e l a t e  wi th  t h i s  d i s t i n c -  
t i o n  , 

2.1 A s  t e ro ida  1 Met e oroids  

The a s t e r o i d a l  p a r t i c l e s  e n t e r  t h e  atmosphere and 
a r e  consumed a s  s i n g l e  bod ies ,  The r a t e  of l i g h t  genera-  
t i o n  obeys " s i n g l e  body" theo ry .  The family inc ludes  a t  
l e a s t  t h e  sma l l e r  meteor i tes .  It i s  t h e r e f o r e  p o s s i b l e  
t o  i n f e r  t h a t  most a s t e r o i d a l  meteors  a r e  "s tone" of 
d e n s i t y  approximately 3 grams per  cc ,  w i th  a few " i rons"  
of d e n s i t y  about 8 gm/cc. The most b r i l l i a n t  meteors  
( b r i g h t e r  than v i s u a l  magnitude -5) a r e  predominant ly  
a s t e r o i d a l .  

I n  t h e  range s i g n i f i c a n t  t o  Apollo, a s t e r o i d a l  
meteors  occur  i f  a t  all on ly  once i n  a hundred t o  a thousand 
i n s t a n c e s ,  We may t h e r e f o r e  s a f e l y  ignore  t h e  a s t e r o i d a l  
c o n t r i b u t i o n  t o  t h e  meteoroid hazard.  A s  a pu re ly  specu- 
l a t i v e  po in t ,  however, measurements by e a r t h  s a t e l l i t e s  
i n d i c a t e  t h a t  t h e r e  may be two f l u x e s  of meteoroids:  one 
causes  microphone i m p i l l s e s  and t h e  o t h e r ,  sma l l e r  by a 
thousand times,  i s  capable of p e n e t r a t i o n .  T h i s  empi r i ca l  
d i s t i n c t i o n  w i l l  be used below, 

2.2 Cometary Meteoroids 

The second family,  t h e  cometary meteoroids ,  a r e  pre-  
dominant among t h e  f a i n t e r  v i s u a l  and t h e  r a d i o  meteors .  
Not on ly  a r e  t h e i r  o r b i t s  s i m i l a r  t o  those  of comets, but  
t hey  o f t e n  a r e  loca l i zed  i n  a known comet o r b i t .  These 
groups a r e  t h e  meteor showers, 
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Cometary meteoroids a r e  very  f r a g i l e .  A s  c l e a r l y  
i n d i c a t e d  by both photographic and r a d a r  techniques ,  t h e y  
fragment i n t o  t i n y  p ieces  high i n  t h e  e a r t h ' s  atmosphere. 
Opik (1958) computed t y p i c a l  numbers of  fragments ( f o r  
v i s u a l  mete rs) o f  10 t o  100, and f o r  t h e  Draconid shower 

r a d i o  meteors average approximately 4000 fragments,  and 
t h a t  the  breakup occurs  sooner  and more completely than  
i t  does f o r  t he  v i s u a l  meteoroids ,  The approximate 
dynamic p res su re  causing d i s r u p t i o n  i s  es t imated  a s  l /3  
p s i ,  a m a t e r i a l  s t r e n g t h  comparable w i t h  c i g a r  a sh .  

of 1946, 10 8 . Hawkins and Southworth (1963) r e p o r t  t h a t  

The'measured q u a n t i t i e s  which c h a r a c t e r i z e  meteors 
a r e  v e c t o r  v e l o c i t y ,  d e c e l e r a t i o n ,  l i g h t  i n t e n s i t y  ( v i s u a l  
meteors)  and t r a i l  e l e c t r o n  d e n s i t y .  I n t e g r a l s  of t h e  
l a s t  two q u a n t i t i e s  a r e  used t o  d e r i v e  mass. There a r e  
no spec t r a  of  meteors f a i n t e r  than  magnitude zero,  and 
thus ,  no e s t i m a t e s  a t  a l l  of composition. It w i l l  appear  
t h a t  t h e  mass of a meteor: can be es t imated  w i t h  reasonable  
accuracy only  i f  chemical composition is wel l  known. 

The d e c e l e r a t i o n  measurement has  i n  t h e  pas t  been 
used t o  d e r i v e  a meteoroid d e n s i t y .  I n  f a c t ,  it y i e l d s  
a measure of t h e  r a t i o  of mass t o  f r o n t a l  a r e a  f o r  t h e  
i n d i v i d u a l  d e c e l e r a t i n g  p a r t i c l e s  -- t he  fragments of a 
d u s t  b a l l .  

There i s  no information a s  t o  t h e  s t r u c t u r e  of t h e  
complete p a r t i c l e  i n  space,  save t h a t  i t  i s  f r a g i l e .  
These f a c t s  a r e  very impor tan t .  They s e t  fundamental 
l i m i t a t i o n s  on the  accuracy of hazard e s t i m a t e s  from t h i s  
source.  

2.3 Space D i s t r i b u t i o n :  The Showers 

Perhaps a q u a r t e r  of v i s u a l  meteors belong t o  major 
showers, i n  which f luxes  may cons ide rab ly  exceed the ave r -  
age,  o r  sporadic ,  f l ux .  Five t imes i s  c h a r a c t e r i s t i c  f o r  
a s t rong  y e a r l y  shower, such a s  t h e  Perseids ,  i n  which 
t h e  meteoroids a r e  spaced f a i r l y  uniformly around t h e i r  
o r b i t .  An i n c r e a s e  o f  a thousand times may occur  f o r  

e r i o d i c  showers, whose p a r t i c l e s  a r e  l o c a l i z e d  wi th in  
{he o r b i t .  
l y  b r i e f  (1-5 hours ) .  Unless t he  e a r t h ' s  yea r  and the  
shower per iod a r e  simply r e l a t e d ,  long i n t e r v a l s  may s e p a r a t e  
recur rences  of per iodic  showers. 

The du ra t ion  of i n t e n s e  showers can be extreme- 

It should be emphasized t h a t  showers d i f f e r .  The 
predominant mass of meteor d i f f e r s ;  t h e  mean number of  
fragments per  p a r t i c l e  d i f f e r s ;  f o r  many showers, t he  f l u x  
inc rease  i n  t h e  r ada r  meteor range i s  much l e s s  t han  t h a t  
i n  t h e  v i s i b l e .  Considerable work needs to be done be fo re  
showers can be q u a n t i t a t i v e l y  included i n  a model. 
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Appendix 2 i s  a t a b l e  taken  l a r g e l y  from McKinley 
It shows t h e  names and d a t e s  of major showers, (1961). 

t h e i r  r a d i a n t s  (apparent o r i g i n  i n  t h e  c e l e s t i a l  sphere) ,  
v e l o c i t i e s ,  and an i n d i c a t i o n  of r e l a t i v e  r a t e s  expected.  
It should be noted t h a t  t h e r e  a r e  months -- February and 
September -- without  major showers. 
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shape. 
I 

PENETRATION CRITERION 

The q u a n t i t y  of immediate i n t e r e s t  t o  Apollo i s  
the  f l u x  of meteoroids capable  of p e n e t r a t i n g  a g iven  
s t r u c t u r a l  s k i n .  A c r i t e r i o n  must be chosen which with-  
i n  some e r r o r  permits  t he  convers ion  of d a t a  t o  puncture  
r a t e s  i n  a r e fe rence  s k i n  c o n f i g u r a t i o n  and, converse ly ,  
t he  p r e d i c t i o n  from t h i s  r e f e r e n c e  c o n f i g u r a t i o n  of 
puncture  r a t e s  i n  engineer ing  s t r u c t u r e s .  

No proposed c r i t e r i o n  has  adequate  t h e o r e t i c a l  
j u s t i f i c a t i o n ;  a l l  fit some sub-se t  of  the a v a i l a b l e  d a t a  
f a i r l y  wel l .  I n  t h i s  document we use  a mod i f i ca t ion  of  
t h e  Ames (Summers 1959) p e n e t r a t i o n  c r i t e r i o n .  It more 
than  adequa te ly  r e p r e s e n t s  t h e  unde r s t and ing  of  c u r r e n t  
experimental  d a t a .  

The r e fe rence  s k i n  i s  a s i n g l e  aluminum w a l l  of  
unspec i f i ed  s t r e n g t h .  The a d d i t i o n a l  impact r e s i s t a n c e  
of a "hard" a l l o y  decreases wi th  p r o j e c t i l e  v e l o c i t y ,  and 
may be i l l u s o r y  f o r  meteoroid impacts .  
i s ,  a t  t h e  conclusion of  c r a t e r i n g ,  h e a v i l y  co ld  worked, 
so  t h a t  measurements made b e f o r e  t h e  impact should be 
misleading.  

A " s o f t "  a l l o y  
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where p i s  t h e  c r a t e r  depth,  d i s  t h e  d iameter  of  a 
s p h e r i c a l  p r o j e c t i l e , /  and 4 a r e  the  d e n s i t i e s  of  
p a r t i c l e  and t a r g e t ,  v Ps t he  normal component of  pro- 
j e c t i l e  v e l o c i t y ,  and c t h e  speed of sound i n  t h e  t a r g e t .  
For  i r r e g u l a r  p a r t i c l e s  the  dimension d t o  be used i s  
t h a t  measured a long  the  l i n e  of flight: 

The Ames c o r r e l a t i o n  f o r  c r a t e r  volume, V , ver sus  
p a r t i c l e  volume, 
one would expect  i the  c r a t e r s  were hemispherical .  
Cubing equat ion  (3.1),  one would o b t a i n  a f a c t o r  (p//u)2, 
bu t  i n s t e a d  one f i n d s  

, does not  show the  d e n s i t y  Zependence 

P t  

3/2 2 
- -  vT -34(%) (e) 

vP 
(3.2)  

T h i s  may b e  i n t e r p r e t e d  a s  a c r a t e r  shape e f f e c t ,  
I f  one assumes e l l i p s o i d a l  c r a t e r s  of depth  p and d i ame te r  
Dc, and combines equat ions (3 .1)  and (3 .2) ,  one o b t a i n s  

T h i s  shape f a c t o r  appears a v a l i d  f i t  t o  measured d a t a  a t  
v e l o c i t i e s  of 6-9 km/sec. There i s  no t r end  of i n c r e a s i n g  
s p h e r i c i t y .  Charters  ( H I S  63) quotes  equat ions  s i m i l a r  t o  
(3.1) and (3 .2 )  obtained f o r  impacts on aluminum a t  6 km/ 
s ec .  Although the  d e n s i t y  dependences a r e  q u i t e  d i s s i m i l a r ,  
equa t ion  (3.3) survives  unchanged. 

It appears  t h a t  p e n e t r a t i o n  (3.1) r a t h e r  t han  volume 
equa t ions  should be used. 

We r e w r i t e  ( 3 . 1 )  i n  terms of p a r t i c l e  mass. Remem- 
be r ing  t h a t  t he  dimension, d ,  i s  t h a t  a long t h e  l i n e  of  
f l i g h t ,  we assume t h e  p a r t i c l e  an e l l i p s o i d  of r e v o l u t i o n  
w i t h  a x i a l  l eng th  d and a s p e c t  r a t i o  A .  The p a r t i c l e  mass 
i s  

T Pp d3 
m =  ( 3 . 4 )  

P 6 A2 

Now, equat ion  (3.1) becomes 

(3.5)  

The func t iona l  dependence on p a r t i c l e  and t a r g e t  
p r o p e r t i e s  w i l l  be d i scussed  below. F o r  a p p l i c a t i o n  t o  
meteoroid impact, c e r t a i n  mod i f i ca t ions  must be made. I n  
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p a r t i c u l a r ,  i t  appears  t h a t  t a r g e t  s t r e n g t h  should be 
included a s  a parameter.  It i s  not c l e a r  how t h i s  should 
be done. 

3 ,2 ,1  Dependence on Targe t  S t r e n g t h  

Tar  e t  s t  e g t h  appears  i n  equa t ion  (3 .5)  a s  a 
f a c t o r  ( b c2)-'/y, The empi r i ca l  d a t a  r e f l e c t  a de-  
pendence on m a t e r i a l  c o n d i t i o n  -- t h a t  i s ,  a work 
hardened o r  h e a t  t r e a t e d  specimen of  high s t r e n g t h  i s  
more r e s i s t a n t  t o  c r a t e r i n g  than  an annealed specimen, 
T h i s  i s  no t  e n t i r e l y  unreasonable ,  s i n c e  t h e  c r a t e r i n g  
a c t i o n  w i l l  con t inue  u n t i l  t he  stresses a r e  l e s s  than  t h e  
m a t e r i a l  s t r e n g t h .  The s t r e n g t h  i n  q u e s t i o n  i s  not  t h a t  
of the  t a r g e t  a s  eva lua ted  p r i o r  t o  impact, bu t  t h a t  
a f t e r  exposure t o  high p r e s s u r e s ,  

A number of p e n e t r a t i o n  c r i t e r i a  c o r r e l a t e  pene t r a -  
t i o n  wi th  t h e  B r i n n e l l  Hardness Number, H, of  the  t a r g e t ,  
The s c a t t e r  i n  t h e  da t a  i s  wide,  bu t  t he  fo l lowing  s t a t e -  
ments may be made, 

( a )  Penet r  t i o n  a t  low v e l o c i t i e s  may be s c a l e d  by 
(H)-I/3, al though t h i s  dependence appears  t o o  
s t r o n g  f o r  m a t e r i a l s  of very high o r  low s t r e n g t h .  
Fo r  many m a t e r i a l s  of o rd ina ry  s t r e n g t h  (P c 2 ) - l I 3  
s c a l i n g  (used h e r e )  g i v e s  comparable r e s u l  s .  I f  
Y i s  t h e  appropr i a t e  e l a s t i c  c o n s t a n t ,  p c f  = Y. 

( c )  A t  h igh v e l o c i t i e s ,  t h e  dependenc on H weakens, 
Bjork (HIS 63) sugges t s  t h a t  (H) -8*15  i s  a 
s u i t a b l e  r e l a t i o n .  The body of d a t a  a t  high 
v e l o c i t i e s  seems c o n s i s t e n t  w i t h  t h i s .  The modest 
success  o f  (e c )  s c a l i n g  i s  unimpaired, 

I n  choosing t h e  A m e s  c r i t e r i o n ,  w i th  (P, c )  s c a l i n g ,  
we a r e  a s s e r t i n g  t h a t  a t  meteoric  v e l o c i t i e s  t h e  dependence 
of p e n e t r a t i o n  on m a t e r i a l  s t r e n g t h  w i l l  be s u b s t a n t i a l l y  
l e s s  than  i n  t h e  empi r i ca l  range ,  It i s  t o  be hoped t h a t  
f u r t h e r  hype rve loc i ty  impact work w i l l  c l e a r  up t h i s  
s i t u a t i o n .  

( b )  

3.2.2 Dependence of  Equation (3 .5)  on P a r t i c l e  V e l o c i t y  

The v e l o c i t y  dependence of p e n e t r a t i o n  i s  d i scussed  
The hype rve loc i ty  d a t a  i s  f a l l -  a t  l e n g t h  i n  Appen 2y$x 3, 

i n g  away from a v law, and we make our  o l y  mod i f i ca t ion  
of  t h e  Ames  equa t ion  here,  dropping t o  a dependence 
above 10 km/sec. 

3.2.3 Dependence of Equation (3.5) on Angle o f  Inc idence  

The Ames c r i t e r i o n  s t a t e s  t h a t  p e n e t r a t i o n  i s  a 
f u n c t i o n  of the  normal component of  p r o j e c t i l e  v e l o c i t y .  
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The empi r i ca l  d a t a  i s  con t r ad ic to ry ,  bu t  no dependence 
s t r o n g e r  than  ( v  cos e )  has  been proposed, 

3.2.4 Dependence of Equation (3.5) on P r o j e c t i l e  Densi ty  

T h i s  i s  discussed i n  Appendix 3. B r i e f l y ,  a review 
of t he  l i t e r a t u r e  suggests t h a t  t h e  dependence used here ,  (pp )lh, i s  v a l i d  i n  the  lower empi r i ca l  range ( t o  3 km/ 
s e c ) ,  and i s  an upper bound a t  h ighe r  v e l o c i t i e s .  

3.2.5 Dependence of Equation (3.5) on Aspect Rat io  

Equation (3.5) depends on A2/3 .  S ince the  va lue  
A = 1 w i l l  be used i n  t h e  model environment, t h i s  does 
not  r e q u i r e  d e t a i l e d  c r i t i c i s m ;  t h e r e  i s  l i t t l e  doubt 
t h a t  i t  i s  t o o  s t r o n g .  

3.2.6 General Comments 

Any dependence of c r a t e r  s i z e  and shape on p a r t i c l e  
s t r e n g t h ,  d e n s i t y ,  a spec t  r a t i o ,  and perhaps ang le  of 
incidence can be regarded a s  " information" about t h e  
i n i t i a l  cond i t ion  of t h e  impact which propagates  w i t h  the  
shock wave and appears i n  t h e  r e s u l t i n g  c r a t e r ,  One may 
i n f e r  t h a t  if t h e  c r a t e r  i s  much l a r g e r  i n  s i z e  than  the  
p r o j e c t i l e  ( a s  it i s  a t  high v e l o c i t y ) ,  t h e  t ransmiss ion  
of t h i s  information w i l l  be weakened. The p r o j e c t i l e  
dimension" here  would have t o  be a maximum dimension; 

i n  t h e  case  of angle of  incidence,  one might use t h e  
d i s t a n c e  t r a v e l e d  tangent  t o  t h e  su r face  be fo re  t h e  
p a r t i c l e  i s  e n t i r e l y  engulfed by t h e  impact shock. For  
l a r g e  c r a t e r s ,  then, t h e  dependences on p a r t i c l e  proper-  
t i e s  i n  equat ion  ( 3 . 5 )  a r e  l i k e l y  t o  be  reduced,  Then, 
i f  we have perhaps overest imated p e n e t r a t i o n  by ignor ing  
t a r g e t  s t r e n g t h ,  we have poss ib ly  obtained a balance by 
somewhat overes t imat ing  the  ame l io ra t ive  e f f e c t s  of  
angle  o f  inc idence  and meteoroid d e n s i t y ,  It i s  our  
opin ion  t h a t  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n  t h e  modified 
Ames equat ion  i s  w e l l  chosen. It appears  a s  

I t  

The modi f ica t ions  a r e  t h a t  A = 1 and t h a t ,  above 
10 km/sec, p v a r i e s  a s  v1i2, 

3.3 - Impact Damage 

Having chosen a s tandard  equat ion  f o r  e s t i m a t i n g  
c r a t e r  depths ,  we must r e l a t e  t h i s  t o  damage of p r a c t i c a l  
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walls  of va r ious  types .  The fol lowing numerical  iRs tances  
r e p r e s e n t  gene ra l  opinion (HIS 63) ,  
( a )  A p r o j e c t i l e  which makes a c r a t e r  p1 u n i t s  deep 

i n  one ma te r i a l  w i l l  make a c r a t e r  p m i t s  deep 
i n  ano the r ,  
based on impacts a t  v e l o c i t i e s  wel l  above 5 km/ 
second should be used. Otherwise 

If poss ib l e ,  good exper  f mental  d a t a  

P2 = P I  [ c$) 2/3 

c2  2 
(397) 

may be used,  
A p r o j e c t i l e  which makes a c r a t e r  p u n i t s  deep 
i n  a t h i c k  ma te r i a l  w i l l  p e n e t r a t e  a wa l l  1.8 p 
i n  th i ckness .  The number 1 .5  was used i n  the  
f i rs t  e d i t i o n ,  bu t  va r ious  a u t h o r s  (HIS 63) men- 
t ioned  experimental  va lues  between 1.5 and 2. 
A p r o j e c t i l e  which makes a c r a t e r  p L n i t s  deep 
i n  a t h i c k  ma te r i a l  may cacse  s p a l l a t i o n  from 
t h e  r e a r  sur face  of a wal l  2 . 3  p i n  depth.  

( d )  Suppose a p r o j e c t i l e  w i l l  j u s t  p e n e t r a t e  a wa l l  
of th i ckness  T, Ope may m e  i n s t e a d  of  a s i n g l e  
wal l  a meteoroid bumper. The meteoroid i s  f r a g -  
mented by impacting t h e  o u t e r  shee t ,  A r a t h e r  
t h i n n e r  t o t a l  s t r x t u r e ,  T1, i s  then  pe rmis s ib l e .  
The advantage i s  represented  by a bumper f a c t o r ,  
B = T/T1. Bumper f a c t o r s  of 1.5 a r e  u s u a l l y  
assumed, although f a c t o r s  a s  high a s  4 have been 
proposed for s p e c i a l ,  w i d e l y  s p a c e d s t r u c t x r e s ,  
Cont inuat ion o f  c u r r e n t  experimental  and theo-  
r e t i c a l  s t u d i e s  ( f o r  i n s t a n c e ,  Maiden (HIS 6 3 ) )  
should lead  t o  a reasonable  Lnderstanding o f  t h e  
c a p a b i l i t y  of bumpers, 

(b) 

( c )  

3.4 Pene t r a t ion  Model 

We now express  t h e  wa l l  t h i ckness ,  T, which can 
j u s t  be punctured. From eqccation (3 .6)  we ob ta in ,  

The "s tandar  wal l"  i s  taken a s  a uminum of  
3 = 2.7 x 103kg/m$ and c = 0.51 x 10 t m/sec. Equation 
/ 

( 3.8 ) become s : 
1/3 v cos  e 1/2 

T = 0.41 (*) ( 104 ) 
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PENETRATING FLUX: MEASURED: EXPLORER X V I  

t o  Apollo i s  t h e  f l u x  of p a r t i c l e s  p e n e t r a t i n g  a s t r x t u r a l  
sk in ,  t he  d i r e c t  measurements on the  s a t e l l i t e  Explorer  
XVI a r e  of g r e a t  importance. The measured f l u x e s  f a l l  
j u s t  above t h e  s i g n i f i c a n t  range f o r  s u i t e d  a s t r o n a u t s ,  
bu t  f a r  from t h e  s i g n i f i c a n t  f l u x  f o r  t h e  Apollo s p a c e c r a f t ,  

4.0 - 
Since  t h e  numerical  q u a n t i t y  of immediate i n t e r e s t  

Two of t h e  experiments a r e  of p a r t i c u l a r  i n t e r e s t  
i n  the sense  t h a t  they  d e f i n e  both  a f l u x  l e v e l  and a 
s i z e  dependence. These are  t h e  p re s su r i zed  can e x p e r i -  
ment and the  cadmium s u l f i d e  c e l l  experiment ,  

4 . 1  Pressur ized  Can Experiment 

More than  ha l f  of t h e  s u r f a c e  of Explorer  X V I  was 
covered w i t h  p re s su r i zed  cans f a b r i c a t e d  from be ry l l i um 
copper of va r ious  t h i c k n e s s e s ,  Puncture of  the can r e -  
s u l t e d  i n  ope ra t ion  of a p re s su re  swi tch ,  which was t h e n  
both a d e t e c t o r  and a memory element .  By t h e  end o f  J u l y ,  
of  t h e  100 c e l l s  of .001 inch  be ry l l i um copper,  44 were 
punctured, 11 of the  40 ,002 inch  c e l l s  were punctured, 
and none of t h e  20 ,005 inch  c e l l s  were punctured,  

A p re l iminary  r e p o r t  has been c i r c u l a t e d  w i t h i n  
NASA (Hast ings 1963), i nc lud ing  an e x c e l l e n t  s t a t i s t i c a l  
t r ea tmen t  of  t h e  da t a  through May 2 6 , ( E x p l o r e r  XVI was 
launched December 16 and operated without  mal func t ion  
through about t h e  f i r s t  of May. Most of t h e  experiment 
was func t ion ing  u n t i l  t h e  end of J u l y , )  The r e s u l t s  a r e  
reviewed i n  Appendix 4. The f l u x e s  (as  of May 26) ' 

a r e  p l o t t e d  as  90% confidence i n t e r v a l s  on F igure  1. 
The ' equiva len t  t h i ckness  of aluminum" i s  twice t h a t  of 
be ry l l i um copper,  a s  determined by impact experiments  a t  
about  5 km/second. 

4.2 Cadmium S u l f i d e  Cel l  Experiment 

Two cadmium s u l f i d e  c e l l s  were flown on Explorer  
XVI .  Punctures  i n  an  aluminized q u a r t e r  m i l  mylar f i l m  
al lowed s u n l i g h t  t o  i l l u m i n a t e  t he  photoconductive c e l l s  
p e r i o d i c a l l y ,  a s  the s a t e l l i t e  tumbled. The te lemetered  
minimum c e l l  r e s i s t a n c e  i s  a measure of  t h e  t o t a l  open 
a r e a .  Although the  t o t a l  exposure of t h i s  experiment i s  
s m a l l e r  t han  t h a t  of one p res su r i zed  can, t h e  d a t a  comple- 
ment t h e  bery l l ium copper  d a t a  we l l .  The number of a r e a  
changes recorded i s  a measure of f lux ;  t he  d i s t r i b u t i o n  
o f  a r e a s  i s  a measure of t h e  s i z e  d i s t r i b u t i o n ;  f i n a l l y ,  
t he  v a l u e s  of  t h e  a r e a s  should g i v e  informat ion  about  t he  
n a t u r e  of  t he  p e n e t r a t i n g  p a r t i c l e ,  . 

Some pre l iminary  d a t a  on the  r e s u l t s  of  t h i s  e x p e r i -  
ment have been k ind ly  communicated t o  us  by L ,  Sec re t an .  
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FIGURE 1 CUMULATIVE PENETRATION FLUX MEASURED BY EXPLORER XVI  
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A f i n a l  r e p o r t  i s  i n  p r e p a r a t i o n  (Secre tan ,  1964). An 
i n t e r p r e t a t i o n  of the f l u x  measurement i s  shown on Figure 1. 
The t h i c k n e s s  of aluminum e q u i v a l e n t  was de te rmined  by 
estimated (,#%)2/3 s c a l i n g  a s  1/3.7 t h a t  of  mylar.  
d i scussed  i n  Appendix 4, M r .  Sec re t an  w i l l  probably t r e a t  
h i s  data q u i t e  d i f f e r e n t l y .  

As 

4.3 Summary of  Results 

The l i n e  on Figure 1 i s  Hastings8 (63) least  squa res  
f i t  t o  t h e  p re s su r i zed  can d a t a .  It i s  i n t e r e s t i n g  t h a t  
t h i s  l i n e  pas ses  through t h e  cadmium s u l f i d e  c e l l  p o i n t ,  
The a n a l y t i c  form of t h i s  l i n e  i s  

N ( T )  = N, T-'. (4.1) 
The a c t u a l  curve ( f l u x ,  per  square  meter second, 

w a l l  t h i ckness  of equ iva len t  aluminum, i n  me te r s )  i s  

 LO^ N ( T )  = -11.01 - 1.35 l o g  T (4 .2)  

Observing t h e  e r r o r  l i m i t s  on the  p o i n t s ,  t h i s  r e p r e s e n t a -  
t i o n  i s  probably an adequate d e s c r i p t i o n  of  t h e  p e n e t r a t i n g  
f l u  wi th in  a f a c t o r  of two or s o  over  the f l u x  range from 
10-5 t o  3 x 10-7 m-2sec-1, 
tend i t  upwards t o  10-3 m-2sec-1e We c o n s i d e r  t h a t  t h e  
cadmium s u l f i d e  c e l l  r e s u l t  g i v e s  some suppor t  t o  t h i s .  
The p o i n t s  sugges t  t h a t  t h e  f l u x  curve i s  concave down- 
wards, and we cons ide r  eq a t i  n ( 4  2 )  an upper  bound on 
the  f l u x  a t  and below lo-? m-'sec-' 
document, it w i l l  be combined wi th  ;he i n d i r e c t  d a t a  t o  
g ive  an  o v e r - a l l  hazard model. 

For "model" purposes,  we ex- 

I n  S e c t i o n  7 of t h i s  

4.4 S i g n i f i c a n c e  of  t he  Explorer  XVI R e s d t s  

past, t he  hazard of  t h e  model based on Explorer  X V I  d a t a  
i s  low. With r e fe rence  t o  t h e  f i r s t  e d i t i o n  o f  t h i s  
document, f o r  i n s t ance ,  t h e  p e n e t r a t i n g  f l u x  a t  t h  l e v e l  
corresponding t o  one m i l  be ry l l i um copper (5  x 10-5 meters  
of aluminum e q u i v a l e n t )  h a s  been lowered about 30 t imes,  
Because t h e  r e p r e s e n t a t i o n  of t h e  f l u x  has a small s lope ,  
t he  Explorer  XVI  l i n e  would i n d i c a t e  a f l u x  about  f i v e  
times above t h a t  of t h e  o l d  model a t  a t h i c k n e s s  p e r t i n e n t  
t o  Apollo -- s a y  10-3 meters. 

Compared w i t h  most hazard models u t i l i z e d  i n  t he  

A few previous models p r e d i c t  f l u x  l e v e l s  c o n s i s t e n t  
with t h e  Explorer  XVI d a t a .  They do no t  r e p r e s e n t  the 
smal l  s lope ,  however, and t h e  agreement must be cons idered  
f o r t u i t o u s .  
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5.0 THE FLUX OF VISIBLE AND RADIO METEORS 

P a r t i c u l a t e  mat ter  i n  space i s  counted by a v a r i e t y  
of methods appropr ia te  t o  the abundance of t h e  bodies .  
A s  t h e  f l u x  goes down, t h e  exposure of t h e  experiment 
must become very l a rge .  Thus Brown's c o l l e c t i o n  of 
m e t e o r i t e s  (1960) had an "exposure" of n e a r l y  a m i l l i o n  
square k i lometers  f o r  a hundred yea r s  (E = 1.6 1021 
meters2 seconds ), while some microphone-type d e t e c t o r s  
used on sounding rockets  have exposures  a s  smal l  a s  
5 m2 sec and s t i l l  obta in  a reasonable  number of coun . 
m-2 sec-p)  and even more, f o r  those s i g n i f i c a n t  f o r  pro- 
longed p l a n e t a r y  missions,  d i r e c t  measurements of pene t ra -  
t i o n  a r e  inc reas ing ly  d i f f i c u l t .  We a r e  forced  t o  depend 
h e a v i l y  on ground based s t u d i e s  of t h e  v i s u a l  and radar  
meteors.  

For t h e  a r t i c l e s  " s i g n i f i c a n t "  t o  Apollo (10-9 - 10- f a  

5.1 V i s i b l e  Meteors 

The most q u a n t i t a t i v e  measurements of t h e  f l u x  of 
v i s i b l e  meteors were made by Hawkins and Upton (1958) 
us ing  two Super-Schmidt cameras o f  t he  Harvard Meteor 
P ro jec t .  Stereoscopic  viewing, i n t e r r u p t i n g  s h u t t e r s ,  
and c a r e f u l  c a l i b r a t i o n  a g a i n s t  slewed s t a r  f i e l d s  a t  t h e  
same e l e v a t i o n  y ie ld  information on p o s i t i o n ,  v e l o c i t y ,  
a c c e l e r a t i o n ,  and the q u a n t i t a t i v e  r a t e  of l i g h t  genera-  
t i o n  wi th  t ime ,  The d a t a  i s  reduced t o  t h e  mean photo- 
graphic  magnitude of a meteor t r a v e l i n g  p a r a l l e l  t o  t h e  
p l a t e  a t  t h e  zen i th .  

The "magnitude" of a source i s  def ined  i n  terms o f  
t h e  i l luminance,  o r  l i g h t  f l u x  per  u n i t  a r ea ,  a t  t h e  ob- 
s e r v e r s '  p o s i t i o n .  Generally,  

M =  (5.1) 
where M i s  the  magnitude, e i s  t h e  i l luminance,  and eo  
i s  t h e  i l luminance o f  a zero  magnitude s t a r .  For t h e  
"v i sua l  as t ronomical  magnitude" s c a l e ,  the  Handbook of 
Geophysics (1961) give a value of 1.944 x 10-7 f t ,  
candles  o r  2.094 x meter  candles  f o r  eo.  

The ins tan taneous  magnitude of a meteor i s  a loga-  
r i t hmic  measure of t he  t o t a l  luminous f l u x  emi t ted .  The 
luminous o r  photographica l ly  a c t i v e  f l u x  i s  assumed a 
well def ined  f r a c t i o n  of t h e  energy l o s s  of t h e  meteoroid,  
so we have 

d dm 

d t  2 d t  
(5 .2)  
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where I i s  t h e  luminous f l u x ,  m and v a r e  t h e  mass and 
v e l o c i t y  of t he  meteoroid, and ? i s  a "luminous e f f i c i e n c y " .  
The second term i n  (5 .2)  can g e n e r a l l y  be neg lec t ed .  

"photometric mass ' I ,  

One can  t h e n  compute (from measured va lues  of I )  a 

r 1  m = J p  d t  (5.3) 

The luminous e f f i c i e n c y  i s  thought  t o  be a l i n e a r  
f u n c t i o n  of v e l o c i t y , f o  v; one o b t a i n s  

1 I 
m = - / -  t0 V 3 d t  (5 .4)  

T h i s  formula i s  t h e  b a s i s  f o r  d e r i v i n g  meteor masses. 
E s s e n t i a l l y  i d e n t i c a l  r e s u l t s  a r e  accepted  by a l l  au tho r -  
i t i e s  (Opik 58, Levin 5 6 ) .  
d i spu ted  

The va lue  of ? o r  T o  is  

The Hawkins and Upton (58) a r t i c l e  g i v e s  a d i s t r i b u -  

I n  1952, t h e  mass of ?he ze ro  v i s u a l  
t i o n  of photometr ic  masses. The va lue  of c has s h i f t e d  
around cons ide rab ly .  
magnitude meteor of  30 km/second v e l o c i t y  was .l5 grams; 
i n  1958, 30 grams; Whipple ( 6 3 )  now u s e s  1 gram, and 
Hawkins p r e f e r s  4 .4  gm. 
t he  observed f l u x  mass r e l a t i o n  i s  

With t h e  one gram normal iza t ion ,  

(5.5) -2 -1 l o g  N = -18.20 - 1.34 l o g  m ( m  s ec  , kg)  

The empi r i ca l  range of t h i s  formula i s  approximately 

kg > m >  kg. 

Whipple ( 6 3 )  inc ludes  a term e x p l i c i t l y  invo lv ing  
meteoroid d e n s i t y .  A s  s t a t e d  i n  t h e  i n t r o d u c t i o n  (and i n  
Hawkins and Southworth 6 3 ) ,  t h e  measured, d e c e l e r a t i o n -  
d e n s i t y  i s  app l i cab le  on ly  t o  c h a r a c t e r i z a t i o n  o f  
i n d i v i d u a l  d u s t  b a l l  fragments.  It must no t  be inc luded .  

Equat ion (5.5) has  been chosen a s  an Apollo model, 
and i s  f i x e d  by t h e  document, Natura l  Environment and 
Phys ica l  S tandards  f o r  Apollo (1963). It should be 
emphasized t h a t ,  a s  desc r ibed  i n  Appendix 5, t h e r e  a r e  
cons ide rab le  u n c e r t a i n t i e s  i n  t h e  va lue  o f  T o *  
c u l a r ,  t h e  chosen value depends s t r o n g l y  on a n  assumed 
chemical composition of t h e  cometary meteoroids ,  about 
which almost  nothing i s  known. 

I n  p a r t i -  
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5.2 . RadiD Meteors 

Three NASA resea rch  r e p o r t s  have been publ ished from 
the  d a t a  of  t h e  Harvard Radio Meteor P r o j e c t  (Hawkins 63, 
Hawkins and Southworth 63, Hawkins, Lindblad, and 
Southworth 63) . 

The average v e l o c i t y  of  r a d i o  meteors 'decreases  
from about  38 km/second a t  about  the  s i x t h  magnitude t o  
36.2 km/second a t  magnitude 8 .6  and perhaps 32 km/second 
a t  about magnitude 9. The meteors appear  more f r a g i l e  t han  
v i s i b l e  meteors,  and t h e  f l u x  ( a t  4 x 10-4 grams) i s  re- 
por ted  perhaps an order  of  magnitude above the  r e l a t i o n  
(5.5). The Hawkins and Southworth r e p o r t  c o n t a i n s  a 
t a b u l a t i o n  of  327 meteors, " a l l  f o r  which h e i g h t s  could be  
obta ined  du r ing  t h e  per iod  from November 1961 to March 
1962. I' T h i s  i s  otherwise a random sampling, c o n t a i n i n g  
on ly  a few stream meteors. Masses a r e  computed from 
e l e c t r o n  d e n s i t y  i n  the  t r a i l  by a technique  analogous t o  
that  employed i n  (5.3) f o r  v i s u a l  meteors .  Again, es- 
t imated  va lues  depend s t r o n g l y  on meteoroid composi t ion,  

The i n v e s t i g a t o r s  have not  publ ished t h e i r  mass- 
f l u x  r e s u l t s  a s  y e t .  However, looking  a t  t h e  t a b u l a  ed 
d a t a ,  t h e  most massive p a r t i c l e s  a r e  about  4.4 x 10- 
grams, o r  5 t h  magnitude on Hawkins s c a l e  (0 magnitude 
meteor, 4.4 grams) .  A cumulat ive d i s t r i b u t i o n  of  numbers 
i s  shown i n  Figure 2.  It has  a c l e a r  s lope  of -2, and i s  
well  de f ined  f o r  a f a c t o r  of 10 i n  mass ( t o  magnitude 7 .5) .  
Above t h i s  t h e  d a t a  drops  away i n  a manner which ould be 
i n s t r u m e n t a l ,  The l i m i t i n g  mass i s  about 4 x grams 
(magnitude + 10). 

8 

5.3 Flux Mass Re la t ion  

The Whipple (63)  f l u x  mass r e l a t i o n s h i p ,  equa t ion  
(5.5), i s  p l o t t e d  on F igure  3. The square law r a d i o  
meteor f l u x  i s  joined a t  t he  5 t h  magnitude (10-5 k g ) ,  
The a n a l y t i c  form f o r  t h i s  i s  

(5.6) -1 l o g  N = 21.5 - 2 l o g  m (m-* sec  

m i s  approximately m > 10 kg. 

, kg)  
-6 

The u n c e r t a i n t i e s  i n  t h e s e  f l u x e s  a r e  mainly i n  
mass, where they  arise p r i n c i p a l l y  from a r b i t r a r y  assump- 
t i o n s  about meteoroid co p s i t i o n ,  We concur w i t h  Hawkins on an u n c e r t a i n t y  of 10- .a,? . 
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6.0 PENETRATION ENVIRONMENT (METEOR DATA) 

I n  the above sec t ions ,  w e  have def ined  a pene t r a -  
t i o n  f l u x  f o r  Explorer XVI, chosen a p e n e t r a t i o n  
c r i t e r i o n ,  and w r i t t e n  express ions  f o r  t h e  f l a x  of  
v i s i b l e  and r a d i o  meteors, The l a t t e r  may be combined 
t o  d e r i v e  a n  i n d i r e c t  p e n e t r a t i o n  f l u x ,  and the  r e s u l t s  
compared w i t h  t h e  d i r e c t  d a t a ,  

Since we wish t o  compute puncture  p r o b a b i l i t y ,  i n  
a s tandard  aluminum skin ,  we use equat ion  (3 .9) .  

The model f o r  v i s u a l  meteors (Natura l  Environment, 
spec f i e s  a meteoroid d e n s i t y  of 0.5 gm/cc, o r  

500 kg/m . It appears t h a t  t h i s  va lue  may be i n c o r r e c t ,  
o r  a t  l e a s t  chosen f o r  t h e  wrong reason.  It i s  c l e a r  t h a t  
t h e  " d e n s i t i e s "  given by t h e  r a d a r  measurements a r e  no 
more than  convenient e s t i m a t e s  of t he  number of  fragments.  
B. J.  Levin (56) has quest ioned t h e  d e n s i t i e s  ob ta ined  f o r  
v i s u a l  meteors on t h e  same grounds, and prefers  2 gm/cc 
f o r  a nominal value,  c h a r a c t e r i s t i c  of t h e  packing of the  
meteoroid i n  space.  To emphasize t h e  u n c e r t a i n t y ,  we 
a s s i g n  t h e  d e n s i t y  a nominal va lue  of one, 
t a i n t y  of three t imes.  

marized i n  Table 6.1. An es t imated  e r r o r  of  5x i s  ass igned  
( a f t e r  Hawkins ) t o  meteoroid mass. 
of  the  r a d i o  meteors i s  38 km/sec; t h a t  of the  v i s u a l  
meteors,  30 km/sec. 

3 63 1 

with an  wy&/cc* The d e n s i t y  becomes pp = 10- 

Other parameters f o r  t h e  p e n e t r a t i o n  law a r e  sum- 

The average v e l o c i t y  

The u n c e r t a i n t i e s  i n  d e n s i t y  and i n  mass a r e  propa- 
ga ted  as though independent e r r o r s  -- t h a t  i s ,  t he  
logar i thmic  e r r o r  i n  a prodcct  i s  t h e  square r o o t  of t h e  
sum of t h e  squares  of t h e  loga r i thmic  e r r o r s  o f  t h e  
f a c t o r s .  
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TABLE 6.1 

Pene t r a t ion  Hazard Model: I n d i r e c t  Measurements. 

Wall j u s t  punctured = 1.8 p 
3kO.5 kg/m3 P a r t i c l e  d e n s i t y  10 

Target  d e n s i t y  3 2.7 x 10 kg/m3; sound v e l o c i t y ,  5.1 km/sec (Aluminum) 

Aspect r a t i o :  u n i t y  

Uncer ta in ty  i n  meteoroid mass. 5 t imes 

Average normal v e l o c i t y :  one h a l f  meteoroid v e l o c i t y  

Un i t s  i n  Table:  a l l  f luxes ,  m-2 sec''; a l l  masses, kg; a l l  t h i c k -  
nesses ,  m. 

Visua l  Meteor Model 

l o g  N = - 18.20 - 1.34 l og  m k 0.94 

l o g  T = - 0.30 + (1/3) l o g  m k 0.17 

l o g  N = - 19.41 - 4.02 l og  T * 1.16 

( 6 . 2 )  

(6.3) 

(6.4) 

Range of v a l i d i t y :  log  N, - 11.50 - 14.20 
l o g  T, - 1.97 - 1.30 

Radio Meteor Model 

l o g  N = - 21.50 - 2 l o g  m +_ 1.40 

log T = - 
log  N = - 22.98 - 6 l o g  T 

,25 + (1/3) l o g  m f. 0.17 

1.73 
Range of v a l i d i t y :  l o g  N, - 9.50 - 11.50 

l o g  T, - 2.24 - 1.91 

Other  Models 

Whipple (63) 
l o g  N = - 21.37 - 4.02 log  T 

Orrok (63) 
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The nominal l i n e s  w i t h  t h e  e r r o r  band a r e  p l o t t e d  
on Figure 4, t oge the r  w i t h  t h e  Whip l e  (63) model and 
t h e  e r r o r  envelope of t h e  Orrok (63 model from the  f i rs t  
e d i t i o n  of  t h i s  document, 

The hazard from t h e  v i s u a l  meteors appears  r a d i c a l l y  
d i f f e r e n t  f o r  t h e  p re sen t  paper  and f o r  t h e  Whipple model, 
from which t h e  mass f l u x  was taken .  F i r s t l y ,  Whipplefs  
equa t ion  r e p r e s e n t s  a "near  e a r t h "  f l u x ,  and t h e r e f o r e  i s  
s m a l l e r  by two times. Beyond t h i s ,  he chooses the  Hermann 
and Jones (HIS 62)  logar i thmic  p e n e t r a t i o n  c r i t e r i o n  
(which depends s t r o n g l y  on m a t e r i a l  s t r e n g t h  and on pro- 
J e c t i l e  d e n s i t y  (Appendix 3 ) )  and d i f f e r e n t  v a l u e s  f o r  
s e v e r a l  parameters  -- i n  p a r t i c u l a r ,  a meteoroid d e n s i t y  
of  0.44 gm/cc and a mean v e l o c i t y  of 22 km/sec, 
i n  d i s  g r  ement by 2.65 times i n  p e n e t r a t i o n ,  o r  
(2.65)8*05 = 50 times i n  f l u x .  
Appendix 6. 

We a r e  

T h i s  i s  d i scussed  

With regard  t o  t h e  hazard r e l a t i o n  presented  i n  t h e  
f irst  e d i t i o n  of  t h i s  document, the  o ld  and new e r r o r  
envelopes a r e  e s s e n t i a l l y  co inc iden t  i n  t he  s i g n i f i c a n t  
range f o r  Apollo. The a u t h o r  would l i k e  t o  t a k e  c r e d i t  
f o r  t h i s ,  bu t  f e a r s  it i s  f o r t u i t o u s ,  

For ve ry  l o n g  exposure missions,  t h e  e s t i m a t e  of 
hazard i s  s u b s t a n t i a l l y  reduced, s i n c e  t h e  s teep  s l o p e  of  
t h e  p re sen t  v i s i b l e  meteor f l u x  deemphasizes l a r g e r  
p a r t i c l e s .  

I n  t h e  next  s e c t i o n ,  we j o i n  t h e  d i r e c t  and i n -  
d i r e c t  e s t i m a t e s  of p e n e t r a t i n g  f l u x .  It w i l l  be seen 
t h a t  t hey  can be joined smoothly t o g e t h e r .  
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7.0 OTHER FLUX DATA: UNIFIED PENETRATING FLUX MODEL 

We have e s t ab l i shed  above e s t i m a t e s  of t h e  meteoroid 
puncture environment based on the  Explorer  XVI  d i r e c t  
measurements, and on t h e  i n d i r e c t  obse rva t ion  of vis ixi l  
and r a d i o  meteors.  There e x i s t s  a cons ide rab le  body of  
information obtained b y  o t h e r  e a r t h  s a t e l l i t e s  over  t h e  
yea r s  -- both  pene t r a t ion  and microphone impact measure- 
ments have been made. Explorer  X V I  e x h i b i t s  f a r  lower 
puncture r a t e s  than  the f i r s t  and i s  i n  c l e a r  c o n t r a d i c t i o n  
wi th  t h e  second. Presumably t h i s  c o n t r a d i c t i o n  r e f l e c t s  
our  ignorance about the na tu re  of d u s t b a l l s .  The d a t a  a r e  
shown i n  Figure 5. 

7.1 Other Di rec t  Measurements 

A t  l e a s t  seven s a t e l l i t e s  have c a r r i e d  experiments 
designed t o  measure the f l u x  of p a r t i c l e s  p e n e t r a t i n g  
some t a r g e t .  I n  Appendix 4, t h e  p e n e t r a t i o n  c r i t e r i o n  
has  been used t o  convert  the  a c t u a l  t h i c k n e s s e s  t o  "equiva- 
l e n t  aluminum", This  may be p a r t i c u l a r l y  ques t ionable  
f o r  t he  wire-gr id  t a r g e t s ,  which r e q u i r e  t he  sever ing  o f  
a wire f o r  an  i n d i c a t i o n .  Most of t h e s e  experiments have 
very smal l  exposures and show no punctures .  These have 
not  been p l o t t e d ,  

The few p o i n t s  r e p r e s e n t i n g  a c t u a l  damage a r e  gener-  
a l l y  we l l  above the  ExplGrer X V I  d a t a .  
on Figure 5 .  It should b noted t h a t  t h e  exposures of a l l  
t h e s e  experiments a r e  lo-? t h a t  of Explorer  X V I  o r  l e s s ,  
w i t h  t h e  s i n g l e  exception of Vanguard 111; no punctccres 
were de tec t ed ,  and the "empty" p o i n t  i s  shown on Figure  6. 
It co r robora t e s  t he  5 m i l  bery l l ium copper p o i n t ,  

These a r e  shown 

It i s  reasonable  t o  exclude t h e  o t h e r s ,  even were 
B r i e f l y ,  t h e  two a t  3.2 10-5 t h e  exposures comparable, 

meters  a r e  wire g r i d  experiments ,  Severing a wire i s  not  
simply comparable wi th  a p l a t e  p e n e t r a t i o n  experiment.  
A p a r t i c l e  which would j u s t  - not p e n e t r a t e  a p l a t e  of 
t h i ckness  T could completely d e s t r o y  a wire  of d iameter  
T. Yet f o r  l a c k  of b e t t e r  information,  p l a t e  t h i ckness  
and wire diameter  have been assumed equ iva len t  i n  plot . -  
t i n g  Figure 5. 
a n  unknown amount. 

The po in t s  should be moved t o  t h e  l e f t  

r 

O f  t h e  o t h e r  two d a t a  p o i n t s ,  a t  1 .6  x lo-' meters ,  
t h e  Explorer  V I 1  r e s u l t  i s  a cadmium s u l f i d e  c e l l  expe r i -  
ment s i m i l a r  t o  t h a t  flown on t h e  Explorer  X V I ,  but  w i t h  
100 times sma l l e r  exposure. It s u s t a i n e d  on ly  one punc- 
t u r e .  The l a s t  is ,  t o  d a t e ,  t he  only  recovered meteoroid 
t a r g e t ,  t he  Venus F ly t r ap  recoverable  sounding rocket  
(Hemenway and Soberman, 63) .  C o l l e c t i o n  boxes were opened 
a t  an a l t i t u d e  above 100 km, These c o l l e c t e d  a very l a r g e  
number of p a r t i c l e s ,  and t h r e e  p e n e t r a t i o n s  were found i n  
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s i x  micron mylar f i l m ,  
f a l l i n g  a t  t e rmina l  v e l o c i t y .  The p e n e t r a t i o n s  a r e  not  
hypersonic,  t h e  holes  being much l a r g e r  than  the  t a r g e t  
t h i ckness .  

The p a r t i c l e s  were appa ren t ly  

To conclude, i t  seems reasonable  t o  exclude these  
d a t a  i n  c o n s t r u c t i n g  a p e n e t r a t i o n  f l u x  curve.  

? e 2  Other I n d i r e c t  Data: Acoustic Measurements 

Many s a t e l l i t e s  have c a r r i e d  microphones s e n s i t i v e  
t o  t he  momentum of inc ident  p a r t i c l e s ;  thousands of  i m -  
p a c t s  have been recorded. C a l i b r a t i o n  i s  conven t iona l ly  
performed w i t h  low v e l o c i t y  p a r t i c l e s ,  bu t  has  been 
checked wi th  p r o j e c t i l e s  a c c e l e r a t e d  t o  f i v e  o r  s i x  kilom- 
e te rs  pe r  second (Kel ls  and Keough 58), The c a l i b r a t i o n  
c o n s t a n t s  a r e  c u r r e n t l y  under review a t  Goddard Space 
F l i g h t  Center .  Possible  c o r r e c t i o n s  amounting t o  a s  much 
a s  a f a c t o r  of t h r e e  may appear ,  

7.3 

The a c o u s t i c  measurements e x h i b i t  good s t a t i s t i c s  
and a r e  s e l f - c o n s i s t e n t  over  a l a r g e  range of f l u x e s .  
To p l o t  t hese ,  equat ion ( 6 . 1 )  i s  r e w r i t t e n :  

where P i s  t h e  p a r t i c l e  momentum, 

It i s  customary to assume a somew a t  lower v e l o c i t y  
than  f o r  t h e  meteors,  
second, F u r t h e r  t reatment  of t h e  d a t a  i s  covered i n  
Appendix 4, and t h e  r e s u l t  i s  p l o t t e d  on Figure 5 ,  It 
w i l l  be noted t h a t  the a c o u s t i c  f l u x e s  a r e  f a r  above 
the  Explorer  X V I  d a t a ,  They a r e  not  i n c o n s i s t e n t  w i t h  
an e x t r a p o l a t i o n  f r o m  t h e  photographic meteor r e s u l t s ,  

We choose 1.8 10 0 meters pe r  

Deep space probes (P ioneer  and Mariner) show much 
sma l l e r  f l u x e s  than  t h i s .  

Alexander e t  a1 (62)  have shown t h a t  t h e  o l d e r  
p e n e t r a t i o n  observa t ions  a r e  l ess  d i sco rdan t  wi th  the  
microphone measurements if p e n e t r a t i n g  p a r t i c l e s  a r e  
cha rac t e r i zed  by diameters  approaching t h e  " c r i t i c a l  
dimension f o r  f r a c t u r e "  ( i . e . ,  p l a t e  t h i ckness  f o r  ex- 
ample) of  the  de tec to r ,  r a t h e r  than  by a p e n e t r a t i o n  law 
(equat ion  7 .1) .  
s t and ing  of t h e  nature of t h e  p r o j e c t i l e s ,  

This aga in  emphasizes our  l a c k  of  under- 

Pene t r a t ing  Flux: Best Est imate  

I n  t h e  h i g h  f lux  reg ion ,  Explorer  X V I  r e p r e s e n t s  
d a t a  d i r e c t l y  app l i cab le  t o  hazard e s t i m a t e s ,  I n  t h e  lower 
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f luxes ,  we have no choice but  t o  use t h e  v i s i b l e  and r a d i o  
meteors.  I n  Tables  7 .1  and 7.2, t h e  a n a l y t i c a l  forms and 
the  assumptions used a r e  t a b u l a t e d .  I n  F igure  6, e r r o r  
envelopes have been p lo t t ed ,  and smoothly jo ined ,  I n  
e x t r a p o l a t i n g  t h e  pressur ized  can r e s u l t s ,  each envelope 
l i n e  pas ses  through two 90% confidence l i m i t  p o i n t s ,  The 
5 m i l  bery l l ium copper can and t h e  Vanguard I11 e x p e r i -  
ments a r e  represented  a s  arrows wi th  f l e c h e s  a t  t h e  f l u x  
f o r  lO$ p r o b a b i l i t y  of no puncture (uppe r )  and 50% proba- 
b i l i t y  of no puncture ( m i d d l e ) .  The e r r o r  envelope i s  
biased s l i g h t l y  downwards i n  accord w i t h  the  d a t a .  

C lea r ly ,  t h e s e  d a t a  a r e  not i n c o n s i s t e n t ,  and wi th in  
t h e i r  e r r o r s  may b e  combined a s  a s i n g l e  s e t ,  On Figure  7, 
t he  nominal l i n e s  and e r r o r  envelopes have been p l o t t e d ,  
and the  t e rmina t ion  o f  t he  r a d i o  meteor d a t a  connected by 
a s t r a i g h t  l i n e  w i t h  t h e  chosen e x t r a p o l a t i o n  l i m i t  o f  t h e  
Explorer  d a t a .  The equat,ion of t h i s  l i n e ,  l abe led  " I n t e r -  
p o l a t i o n " , i s  included i n  Table 7.2. F igure  7, w i th  t he  
t a b l e s ,  r e p r e s e n t s  our c u r r e n t  "bes t  e s t i m a t e "  of puncture  
hazard over  t h e  e n t i r e  f l u x  range. 

Comparing t h i s  model w i t h  t h a t  of E d i t i o n  1, con- 
s i d e r a b l e  " s t r u c t u r e "  has  been introduced i n  t h e  f l u x -  
p e n e t r a t i o n  r e l a t i o n ,  It w i l l  be noted (F igure  6 )  t h a t  
t h e  es t imated  e r r o r  i n  p e n e t r a t i o n  has  been s l i g h t l y  re -  
duced, i n  t h e  s i g n i f i c a n t  range f o r  s p a c e c r a f t .  T h i s  
change, from 2 . 5 ~  t o  about 2xJ i s  a r e s u l t  of  t h e  r a d i o  
meteor d a t a ,  which t i e  t hese  f l u x e s  d e f i n i t e l y  t o  t h e  zero  
v i s u a l  magnitude meteor. Ed i t ion  1 included an es t imated  
e r r o r  i n  e x t r a p o l a t i o n  of t h e  v i s u a l  meteor d a t a ,  which 
has  been e l imina ted .  I f  our  i n t e r p r e t a t i o n  of t h e  r a d a r  
d a t a  i s  i n  e r r o r ,  t h e  e a r l i e r  u n c e r t a i n t y  w i l l  r e t u r n ,  

It should be emphasized t h a t  because t h e  r a d a r  f l u x  
curve i s  s t eep" ,  t h e  u n c e r t a i n t y  i n  f l u x  excee,ds t h a t  i n  
E d i t i o n  1. 

11 

With regard  t o  t h e  magnitude of t h e  new e s t i m a t e ,  
t h e  change fr m t h e  o i f  model i s  under t h ree  t imes from 
f l u x e s  of 10-8 t o  10- 
can t  ranges f o r  both a s t r o n a u t s  and s p a c e c r a f t .  T h i s  
change i s  b a r e l y  meaningful wi th in  t h e  e r r o r  e s t i m a t e s .  
The small  amount of  the change i s  expla ined  i n  p a r t  by  t h e  
f o r t u i t o u s  c a n c e l l a t i o n  of va r ious  a l t e r a t i o n s  i n  t h e  
model, and i n  p a r t  by  t h e  l ack  of impor tan t  changes i n  
our  understanding of  t h e  phys ica l  s i t u a t i o n ,  

m-2 s e c - l ,  cover ing  t h e  s i g n i f i -  
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TABLE 7.1 

CONSTRUCTION OF PENETRATION FLUX MODELS 

Explorer  XVI :  Has t ings  (63) l e a s t  squa res  f i t  t o  p re s su r i zed  

can d a t a .  

V i sua l  Meteors: Hawkins and Upton (58) f lux-photometr ic  mass 

equa t ion ,  The mass s c a l e  i s  reduced 3Ox t o  o b t a i n  a 

one gram mass f o r  t h e  ze ro  v i s u a l  magnitude (-1.8 photo- 

graphic  magnitude ) meteor, 

Radio Meteors: Hawkins and Southworth (63) f l u x - r a d i o  mass 

d a t a .  The mass s c a l e  i s  reduced 4.4~ t o  o b t a i n  a one 

gram mass f o r  the  zero v i s u a l  magnitude meteor a t  

30 km/sec. 

Meteoroid Mass Uncer ta in ty :  ( c a u t i o n :  t h i s  f a i l s  t o  

b racke t  Hawkins r ad io  e s t i m a t e ) .  

Meteoroid Densi ty:  gm/cc. 

P e n e t r a t i o n  Law: A m e s  c r i t e r i o n  (Summers 59)  modified t o  a 

V dependence above 10 km/second, and inc lud ing  a 

dependence on t h e  normal component of  p r o j e c t i l e  

v e l o c i t y .  
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8.0 SPACE DEPENDENCE OF THE METEOROID HAZARD 

8.1 Concentrat ion Near t h e  Ear th  

P r i n c i p a l l y  on t h e  b a s i s  of t h e  a c o u s t i c  measure- 
ments, it has  been hypothesized t h a t  there  i s  a dus t  cloud 
around the  ear th .  The hazard presumably would decrease  a s  
one moved i n t o  c i s l u n a r  space.  

There i s  no evidence f o r  such a cloud i n  t h e  s i g n i f i -  
can t  range f o r  puncture of t h e  Apollo s p a c e c r a f t ,  The d a t a  
from t h e  v i s u a l  and r ad io  meteors i s  obtained w i t h  e x c e l l e n t  
v e l o c i t y  information.  It i s  ev iden t  t h a t  these p a r t i c l e s  
a r e  i n  s o l a r  o r b i t  and cannot be concent ra ted  near  t h e  
e a r t h ,  

It should f u r t h e r  be noted t h a t  t he  t h e o r e t i c i a n s  
( o r  a t  l e a s t  h a l f  of them) have d i f f i c u l t y  imagining how 
s u b s t a n t i a l  p a r t i c l e s  could g e t  i n t o  such o r b i t s .  

8.2 Concentrat ion Near the Moon 

Gault ,  Shoemaker, and Moore (63) have d i scussed  the  
problem of  t h e  d e n s i t y  of  fragments e j e c t e d  from meteoroid 
impacts on t h e  luna r  s u r f a c e .  They e s t i m a t e  t h a t  t h e  f l u x  
i s  very much increased,  a l t h o u  h t h e  p a r t i c l e s  have low 
v e l o c i t y .  Boyle and Orrok (63 7 have c a l c u l a t e d  t h e  ex- 
pected inc rease  i n  pene t r a t ion  r a t e ,  assuming t h a t  pene t r a -  
t i o n  i s  p ropor t iona l  t o  t h e  k i n e t i c  energy of p a r t i c l e s .  
Since k i n e t i c  energy i s  a t  t h e  most conserved i n  a primary 
impact,  t h e  secondaries  cannot double t h e  energy i n f l u x ,  
Under reasonable  assumptions about t h e  k i n e t i c  energy 
d i s t r i b u t i o n  among secondary fragments,  t h e  p e n e t r a t i o n  
r a t e  cannot be doubled, 

8.3  Conclusions 

There do not  appear t o  be s t r o n g  arguments suppor t -  
i n g  increased  hazard e s t i m a t e s  near  t h e  e a r t h  o r  nea r  t h e  
moon. P a r t i c u l a r l y  i n  t h e  case  of t h e  f l u x e s  s i g n i f i c a n t  
for Apollo spacec ra f t  pene t r a t ion ,  where t h e  u n c e r t a i n t y  
i n  t h e  e s t ima te  i n  low e a r t h  o r b i t  i s  a l r e a d y  more than  
an  o r d e r  of  magnitude, i t  seems p o s s i b l e  t o  ignore  space 
dependence of  hazard.  
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9.0 EROSION HAZARD 

Meteor i t i c  e ros ion  impl i e s  t h e  gradual  coverage of 
a s p a c e c r a f t  w i t h  small  p i t s .  The "coverage t ime" i n  
which a given a r e a  is  e n t i r e l y  covered wi th  p i t s  i s  t h e  
r e c i p r o c a l  of an "erosion r a t e " .  F o r  t imes  much s h o r t e r  
t han  t h e  coverage time, t h e  a t t a c k  w i l l  be i r r e g u l a r .  

The model f o r  t h e  f l u x  of p e n e t r a t i n g  meteoroids  
enables  t h e  approximate c a l c u l a t i o n  of coverage t imes .  

9.1 Erosion Rates  f rom Penet ra t ing  Flux 

It i s  easy  t o  c a l c u l a t e  t h e  c r a t e r  a r e a  opened up 
pe r  u n i t  a r e a  and u n i t  t ime by a meteoroid i n f l u x  ( see  
Orrok, 64 ) .  The nature  of t he  r e s u l t  depends upon the 
f l u x  d i s t r i b u t i o n .  Consider ing t h e  d i s t r i b u t i o n s  i n  
p e n e t r a t i o n  (which w i l l  be similar t o  t h e  d i s t r i b u t i o n s  
i n  p a r t i c l e  s i z e  and c r a t e r  d i ame te r ) ,  i f  the exponent 
i s  high, a s  i n  t h e  v i s u a l  meteor f l u x ,  t h e  small p a r t i c l e s  
dominate, and coverage i s  c o n t r o l l e d  by t h e  very  h i g h e s t  
f l u x e s .  On t h e  o the r  hand, if t h e  exponent i s  below 2 
( t h e  Explorer  r e s u l t  i s ,  of course,  1.3), t h e  l a r g e s t  
p a r t i c l e s  dominate -- i . e . ,  open out  more a r e a  p e r  u n i t  
t ime than  t h e  small. I n  t h i s  case ,  t h e  e ros ion  hazard 
i s  o p e r a t i o n a l l y  i n d i s t i n g u i s h a b l e  from t h e  puncture  
hazard,  and need not be f u r t h e r  considered f o r  Apollo,  
The r e s u l t  i s  not  i n c o n s i s t e n t  w i t h  o t h e r  d a t a .  

The dominant p a r t i c l e  f o r  t h e  measured p e n e t r a t i n g  
f l u x  i s  ( r  f e r r i  g t o  Figure 6 )  t h e  par i c l e  wi th  a f l u x  

To an o r d e r  o f  magnitude, t h e  r a t e  of coverage, C, i s  j u s t  
t h e  cumulat ive f l u x  Limes c r a t e r  a r e a .  

of 10-7 me' sec-', which p e n e t r a t e s  10' 5 meters  of aluminum, 

2 C = NT (9 .1 )  

We approximate t h e  c r a t e r  diameter  by t h e  penet ra -  
t i o n  T and ignore cons t an t s  nea r  one ( s e e  t h e  r e f e r r e d  
a r t i c l e ) .  

For  the  s t a t e d  va lues ,  we o b t a i n  
3 

( 9 . 2 )  

Tha t  i s ,  o f  t h e  a r e a  of t he  su r face  i s  opened up 
by meteoroid c r a t e r i n g  each second. One hundred percent  
coverage (not  a l lowing f o r  o v e r l a p )  would be a t t a i n e d  i n  
a few hundred thousand y e a r s .  The equ iva len t  e r o s i o n  
r a t e  would on1 be def ined over  t imes  of t h i s  o r d e r  but  is, s i n c e  the  $: coverage" extends 10-3 meters  deep, 

c\ 

30 Angstrom u n i t s  p e r  year .  IO-' meters  
105.5 yea r s  
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I 

This value i s  c o n s i s t e n t  w i th  o t h e r  e s t ima tes .  
F. Whipple (63a), f o r  i n s t ance ,  sugges ts  from s t u d i e s  of 
t h e  r a d i o  "ages '  of me teo r i t e s  t ha t  an e ros ion  r a t e  of 
12 AU/yr makes good sense.  

McKeown and Fox (62) r e p o r t  a measurement of t h e  
e ros ion  of a gold sur face  i n  low e a r t h  o r b i t  (Discoverer  
26).  The e ros ion  i s  .2 k .1 AU/day, o r  70 Angstrom 
un i t s /yea r .  T h i s  i s  a t t r i b u t e d  e n t i r e l y  t o  s p u t t e r i n g .  

9.2 Conclusion 

Our conclusion i s  that  t h e  deep space e ros ion  hazard 
i s  due t o  l a r g e r  p a r t i c l e s  and i s  o p e r a t i o n a l l y  i n d i s t i n -  
gu ishable  from a puncture hazard.  The nea r -ea r th  
environment probably o f f e r s  a modest e r o s i o n  ra te  due t o  
s p u t t e r i n g .  

The d i s t r i b u t i o n  of secondary e j e c t a  nea r  t h e  l u n a r  
su r face  may con ta in  more p e n e t r a t i n g  small p a r t i c l e s  than  
t h e  primary f l u x  -- t h a t  i s ,  a l though puncture  hazard i s  
unaf fec ted ,  t he  e ros ion  hazard w i l l  be d i f f e r e n t .  Happily,  
e s t ima tes  of e ros ion  r a t e  a r e  s t a r t l i n g l y  i n d i f f e r e n t  t o  
t h e  f l u x e s  employed. .Use of t h e  "model" of t h e  f i r s t  
e d i t i o n  y i e l d s  a r a t e  approximating t h i r t y  Angstrom u n i t s  
a year ,  w i t h  a coverage time of perhaps s i x  thousand y e a r s ,  
The secondary d i s t r i b u t i o n  a t  t h e  l u n a r  s u r f a c e  i s  very  un- 
l i k e l y  t o  exceed t h i s  value.  
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10.0 CONCLUSIONS 

An at tempt  has been made t o  d e f i n e  t h e  hazards  t o  
P r o j e c t  Apollo a s soc ia t ed  wi th  p a r t i c u l a t e  ma t t e r  i n  
space.  Where information i s  c l e a r l y  a v a i l a b l e  t o  us ,  
it has been used. Where information has been lacking ,  
reasonable  assumptions have been made. 

Such a "model" has gene ra l  u se fu lness  only i n s o f a r  
as i t  i s  up t o  da t e ,  and as i t s  devia t ionsf rom o t h e r  pro-  
posed models a r e  e i t h e r  j u s t i f i e d  o r  e x p l i c i t l y  allowed 
by e r r o r  e s t ima tes .  

Since t h e  f i r s t  e d i t i o n ,  t he  s i t u a t i o n  has become 
b e t t e r  def ined .  The d e s c r i p t i o n  of t h e  environment 
n e c e s s a r i l y  becomes more complicated as v a l i d  informat ion  
accumulates,  and before  s c i e n t i f i c  i n s i g h t  i s  a v a i l a b l e  
t o  s i m p l i f y  t h e  r e l a t i o n s h i p s  involved. 

It i s  f e l t  t h a t  t h e  e s t ima te  of p e n e t r a t i o n  hazard 
i s  "good", although, a s  exemplif ied by Professor  n i p p l e ,  
i t  i s  p o s s i b l e  f o r  s e r i o u s  workers t o  d i s a g r e e  s t r o n g l y .  

Improvements i n  t h e  e s t ima te  should a r i s e  from t h e  
SA-9 and SA-8 s h o t s  (Appendix 7 )  and from t h e  "s imulated 
meteor experiments"  which should unambiguously t i e  t o -  
g e t h e r  t h e  v i s u a l  and r a d i o  meteor d a t a .  

U n c e r t a i n t i e s  i n  the  i n d i r e c t  d a t a  w i l l  remain, 
s i n c e  t h e  composition and s t r u c t u r e  of d u s t b a l l s  w i l l  
s t i l l  be unknown. The use fu lness  of d i r e c t  d a t a  w i l l  be 
l i m i t e d  un le s s  unambiguous proof t e s t s  of meteoroid 
bumpers can be made, e i t h e r  i n  space o r  i n  t h e  l abora to ry .  

The e s t ima te  of  e ros ion  hazard i s  considered s a t i s -  
f a c t o r y .  Large errors i n  t he  f l u x  would s t i l l  no t  produce 
s i g n i f i c a n t  e ros ion .  

GTO/t  j 
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APPENDIX 1 

Table of Svmbols used in text: 

Certain symbols defined and used only in one appendix 
are not included in this list. 

A Aspect ratio of projectile: ratio of dimension along line 
of flight to the ge-ometric mean of dimension transverse to 
the line of flight (equation 3.4). 

B Bumper factor: the ratio of the thickness of a single 
wall to the total thickness of a double wall having equal 
resistance to meteoroid penetration. 

C Coverage: the fraction of surface area covered with craters 
in some elapsed time (overlapping craters are counted 
independently). 

c, c y  c2 The velocity of sound in a material. Subscripts 
distinguish particular materials. 

Crater diameter. DC 

d A particle dimension, measured along the line of flight. 

Exposure” or area - time product of a space mission. 

Illuminance”: the light flux (in lux) incident in a 

I I  E 

e I t  

surface near the observer. 

eo The illuminance of a zero absolute visible magnitude star. 

H, HI’ H* The Brinnell Hardness Number of a target. Indi- 
vidual materials may be distinguished by subscripts. 

M The visual magnitude of a light source. 

M The photographic magnitude of a light source. 

m, m The projectile mass. 

N(x) 

Pg 

P 
Wmulative flux m-2 sec-l of all particles having values 
of a property exceeding x (i.e., mass, diameter, thickness 
just penetrated, etc.). 

A constant in a flux law (equation 4.1). NO 
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P r o b a b i l i t y  o f  z e r o  impacts i n  a space mission.  

P r o b a b i l i t y  of one impact i n  a space miss ion .  
p1 
Pt P1J  P2 Crater depth r e s u l t i n g  from impact.  Subsc r ip t s  

d i s t i n g u i s h  d i f f e r e n t  t a r g e t  m a t e r i a l s .  

S Exponent i n  f l u x  law (equa t ion  4 . 1 ) .  

T, T1 Thickness of a w a l l .  Subsc r ip t s  may d i s t i n g u i s h  d i f f e r e n t  
m a t e r i a l s  o r  s t r u c t u r e s .  

Volume of a c r a t e r  i n  a t a r g e t .  

Volume of  a p r o j e c t i l e .  
Vt 

vP 
V Speed of a p a r t i c l e .  

v Acce lera t ion  of  a p a r t i c l e .  

Pp Densi ty  of p r o j e c t i l e .  

Density of t a r g e t .  

T o t a l  luminous f l u x  from a source ,  

Angle of  incidence of p r o j e c t i l e  (measured f rom t h e  normal ) .  

Luminous e f  f i c  iency . 
8 
T 
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APPENDIX 3 

Pene t r a t ion  Cr i te r ia  

I n  t h i s  appendix we e x p l a i n  our  choice  of p e n e t r a t i o n  
c r i t e r i o n  and i n d i c a t e  i t s  probable  accuracy.  

Estimates a s  t o  c r a t e r  depths  r e s u l t i n g  from hyper- 
v e l o c i t y  impact come f rom two sources ,  experiment and 
hydrodynamic theo ry .  

Hermann & Jones (HIS 62) have performed a major job of c o l l e c t i n g  
a v a i l a b l e  data r e l e a s e d  p r i o r  t o  Apri l  1961. The d a t a  l a r g e l y  
concern t h e  v e l o c i t y  range o f  0.5 - 3 km/second. I n  a few 
c a s e s  data extend t o  5 km/second. Ind iv idua l  workers have 
i n v e s t i g a t e d  t h e  higher  speed range, t o  9 o r  10 km/second. 

F i r s t l y ,  t h e r e  i s  a v a s t  body of experimental  data.  

T h i s  body of information i s  i n  t h e  open l i t e r a t u r e ,  
and a v a s t  number of "pene t r a t ion  c r i t e r i a ' '  r ep resen t  no more 
than  empi r i ca l  f i t s  t o  one sub-set  o r  another  of t h i s  d a t a .  
Ex t r apo la t ion  o f  t h e s e  f i t s  t o  the m e t e o r i t i c  impact regime i s  
t h e n  a ma t t e r  of judgment. Are t h e  same phys ica l  p rocesses  
a c t i v e ?  I f  s o ,  the  d a t a  f i t  i s  a r e p r e s e n t a t i o n "  of  t h e  phys ica l  
r e s u l t ,  l i k e  the f irst  few terms of  a Taylor  expansion.  
f i t  s u f f i c i e n t l y  good that  one can have confidence t h a t  higher  
terms a r e  unimportant?  

I ?  

I s  the 

The o t h e r  approach t o  e s t i m a t i n g  c r a t e r  depths  i s  
through theory .  E a r l y ,  order-of-magnitude e s t ima tes  were made 
by Whipple (58), Opik (58a ) ,  and o t h e r s .  Bjork (58) performed 
an a n a l y s i s  on pu re ly  hydrodynamic grounds.  
were obta ined .  H i s  r e s u l t s  are considered very i n d i c a t i v e  of 
t r u e  u l t r a - h i g h  v e l o c i t y  impact. I n  t h e  f i f t h  and s i x t h  
Symposiums on Hyperveloci ty  Impact (HIS 62 and 63) he and 
Olshaker  have considerably extended t h i s  work. 

Computer s o l u t i o n s  

L e t  u s  now consider  t h e  v a r i e t y  of p e n e t r a t i o n  
c r i t e r i a  proposed, and t h e i r  divergence.  

Ve loc i ty  Dependence 

The dependence of c r a t e r  depth on v e l o c i t y  v a r i e s  
s t r o n g l y ;  f o r  very low v e l o c i t i e s  ( v <  1 km/sec) p e n e t r a t i o n  
r i s e s  as v2.  The dependence becomes weaker as v i n c r e a s e s .  
It i s  about v4/3 i n  t h e  v e l o c i t y  range f o r  convent ional  guns.  



Above t h i s  reg ion ,  a t r a n s i t i o n  to a d i f f e r e n t  p e n e t r a t i o n  
regime occurs .  Well below the speed of sound t h e  p r o j e c t i l e  
s t r e n g t h  i s  s u f f i c i e n t  t h a t  i t  p e n e t r a t e s  undeformed. The 
r e s u l t i n g  ho le  i s  deep, with a c r o s s - s e c t i o n  not  much l a r g e r  
than  t h e  p r o j e c t i l e .  Above t h e  speed of sound, s t r e s s e s  a r e  
very l a r g e  and t h e  p a r t i c l e  i s  fragmented. The c r a t e r s  begin 
t o  approach a s p h e r i c a l  shape. Duc t i l e  p r l j e c t i l e s  may be 
"p la t ed"  over  t h e  i n t e r i o r  of t h e  c r a t e r .  The p e n e t r a t i o n  
depth now goes approximately a s  t h e  two-third power of v e l o c i t y .  
Th i s ,  of course ,  i s  the  empir ical  hyperve loc i ty"  regime which 
g i v e s  b i r t h  t o  the Ames c r i t e r i o n .  It p e r s i s t s  t o  about the 
l i m i t  of experimental  c a p a b i l i t y .  There i s  an i n d i c a t i o n  t h a t  
t h e  v e l o c i t y  dependence i s  becoming shal lower near  t h i s  l i m i t .  

11 

The t h e o r e t i c a l  p r e d i c t i o n s  of Bjork suggest  that  
a t  high v e l o c i t i e s  c r a t e r  depths  w i l l  fo l low approximately 
the 1/3 power of v e l o c i t y .  T h i s  encourages one t o  hypothesize 
a 'smooth v a r i a t i o n ,  as suggested by t h e  Hermann & Jones 
logar i thmic  d a t a  c o r r e l a t i o n  (F igure  A - 1 )  . 

Walsh and T i l l o t  son (HIS 63), however, have proposed 
an a l t e r n a t e  t h e o r e t i c a l  a t t a c k .  The hydrodynamic c a l c u l a t i o n  
i s  terminated a t  a r e l a t i v e l y  high shock p r e s s u r e .  The 
r e s u l t i n g  v e l o c i t y  f i e l d  i n  t h e  growing c r a t e r  i s  r e f e r r e d ,  by 
s c a l i n g  laws, to an empir ical  low v e l o c i t y  c r a t e r .  I n  essence,  
t h i s  r e s t o r e s  t a r g e t  ma te r i a l  s t r e n g t h  t o  the  c a l c u l a t i o n .  
The r e s u l t  i s  a dependence of  p e n e t r a t i o n  very n e a r l y  on t h e  
two t h i r d s  power of impact v e l o c i t y .  I n  t h i s  case ,  an e x t r a -  
p o l a t i o n  of  t h e  Ames c r i t e r i o n  i s  v a l i d .  

I n  Figure A - 1 ,  c a l c u l a t e d  p e n e t r a t i o n s  by aluminum 
p r o j e c t i l e s  i n  s o f t  aluminum a r e  compared. The Ames law, 
t h e  B j o r k  computed p o i n t ,  and t h e  Hermann & Jones logar i thmic  
c o r r e l a t i o n  agree wel l  i n  t h e  empir ica l  range of approximately 
1-10 km/second. The s c a t t e r  i n  t h e  d a t a  we l l  exceeds t h i s .  
Below t h e  range,  t he  Hermann & Jones law drops o f f ,  r e p r e -  
s e n t i n g  p e n e t r a t i o n  by undeformed p r o j e c t i l e s .  Above the  
range,  they d iverge ,  and the  ques t ion  o f  e x t r a p o l a t i o n  i s  
r a i s e d .  

The Ames law may be said to be wrong above 10 km/second, 
s i n c e  t h e  d a t a  a r e  dropping below i t ,  a n d i t s  c l e a r  t h a t  

t e x t ,  we have a r b i t r a r i l y  assumed a v1l2 v a r i a t i o n  of  p e n e t r a t i o n  
above 10 km/ econd (dashed l i n e  on Figure A - 1 )  . 
not take  vl/g, - o r  t h e  Hermann & Jones loga r i thmic  p e n e t r a t i o n ?  

t h e r e  i s  no evidencae y e t  f o r  a 1/3 l a w .  I n  the l i g h t  o f  t h e  
Walsh & T i l l o t s o n  r e s u l t s ,  t h e r e  seems no need to accept  a l / 3  

h ighe r  terms'' i n  t h e  approximation must be in t roduced .  I n  t h e  11 

Why d i d  w e  

F i r s t l y ,  why not v+l /3? Though t h e  d a t a  a r e  dropping, 
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I O  

v a r i a t i o n  b l i n d l y .  Fu r the r ,  B j o r k  (HIS 63) now sugges ts  t h a t  
impact mel t ing  of the t a r g e t  w i l l  c use  increased  p e n e t r a t i o n  
( d o t t e d  l i n e  i n  F igure  A - 1 ) .  
not  necessary .  

A vl-13 v a r i a t i o n  i s  c e r t a i n l y  

Secondly, why not use  t h e  Hermann & Jones loga r i thmic  
c o r r e l a t i o n  ( H I S  62) , as  does F. Whipple (63)  ? 

Analy t i ca l ly ,  t h i s  has t h e  f o r m  

t h e  cons t an t s  k l  and k2 a re  t a b u l a t e d  by Hermann & Jones 
f o r  var ious  p r o j e c t i l e - t a r g e t  combinat ions.  A s  a two param- 
e t e r  r e l a t i o n ,  t h i s  f i t s  the data b e t t e r  than a simple power 
law. There i s  obviously no o b j e c t i o n  t o  ( 2 . 1 )  as i t  s t ands ,  
sav ing  that  i t  i s  a nuisance t o  look up logar i thms t o  t h e  
base e .  

However, t h i s  equat ion does not  con ta in  any p a r t i c l e  
p r o p e r t i e s .  Hermann & Jones obtained a r a t h e r  poor c o r r e l a t i o n  
of kl and k2 w i t h  pp/Pt). 

1' The f i n a l  d a t a  c o r r e l a t i o n "  as used by Whipple i s  

T h i s  i s  ex t raord inar i ly  s e n s i t i v e  t o  d e n s i t y  v a r i a t i o n .  
Charters (HIS 63) i n d i c a t e s  t h a t  for impacts on s o f t  alum-hum, 
the exponent of  p a r t i c l e  dens i ty  drops as v e l o c i t y  i n c r e a s e s .  
It i s  2/3 a t  2 o r  3 km/second, and perhaps 0.55 a t  6 .5  km/second. 
Bjork and Olshaker (HIS 62) suggest  (from Hugoniot s t u d i e s )  
tha t  t h i s  exponent i s  ( a )  a f u n c t i o n  of t a r g e t  m a t e r i a l  and 
( b )  f o r  aluminum, a func t ion  of v e l o c i t y ,  decreas ing  from 
0.6 t o  0 .55.  A t  5 o r  6 km/second, for s o f t  aluminum, t e 

This i s  con t r a ry  t o  t h e  da t a ,  and r e p r e s e n t s  an acc ident  i n  
c o r r e l a t i o n .  It c e r t a i n l y  should not  be used t o  p r e d i c t  pene- 
t r a t i o n  by p r o j e c t i l e s  having very low d e n s i t i e s .  

The combination of low d e n s i t y  (0.44 gm/cc) and a 
s t r o n g e r  m a t e r i a l  ( H  increased lox)  fur thermore t r a n s l a t e s  
t h e  v e l o c i t y  t r a n s i t  k on of F igure  A - 1  t o  s u b s t a n t i a l l y  h ighe r  

exponent on the Hermann & Jones c o r r e l a t i o n  i s  a b o u t P p  !3/6 . 
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v e l o c i t i e s .  On Figure A-1, we a l s o  show a p l o t  f o r  24 ST 
(hard) aluminum w i t h  a p r o j e c t i l e  d e n s i t y  of (0 .44 ) .  The 
va lues  of kl and k 

behavior  has been e n t i r e l y  suppressed, and the s t e e p  s l o p e  
corresponding t o  t h e  
3 o r  4 km/second. Hermann & Jones c l e a r l y  warn a g a i n s t  
e x t r a p o l a t i o n  of t h e i r  formula when t h e  r e s u l t s  seem p h y s i c a l l y  
doub t fu l .  

have been taken from the Hermann & o es 

undeformed p r o j e c t i l e "  i s  moved out t o  

t a b u l a t i o n  and sca  f ed w i t h P p  as i n  ( 2 . 2 ) .  Here, t h e  v I/s 
I I  
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APPENDIX 4 

FLUX CHART DATA 

1. Explorer  XVI Can Data (Has t ings  63, TMX 899) 

annealed to a hardness  of B-60. 
Mater ia l :  Beryll ium Copper, Berylco #25, s o l u t i o n  

Puncture Rates (Mav 26. 1961) t o  90% confidence 

th i ckness  Punctures/sq f t  day  (90% conf)  mean ra te  n’events noeven t s  
inches  upper lower p e r  f t 2 d y .  May 26 J u l y  
,001 I’ 00393 ,0224 
.002” .0289 .0093 
.005” ,0088 .o 

,030 38 44 
,017 10 - 11 

0 0 0 
- 

These d a t a  are transformed as fo l lows:  The th i ckness  
of equiva len t  aluminum i s  2x t h a t  of Beryl l ium copper by 
c a l i b r a t i o n  a t  5 km/second. The rates a r e  near  e a r t h ,  and 
should be m u l t i p l i e d  by 4/3 t o  g ive  an unshielded f l u x .  We 
con e r t  t h e  th i cknesses  t o  meters  of  aluminum (mult  by 5.08 x 

-4 = 1.66 x 1-0 ) 1 
10- 3 ) and t h e  f l u x e s  t o  m-* s e c - l .  

(mult  by 4/3 
8.03 x 10 

P l o t t e d  Data 
2 th i ckness  ( m )  Unshielded Puncture rate/m sec 

P 
lower 

5.1 x lo-’ 
10.2 10-5 
25.4 x lo-’ 

6 . 5  x 3.7 x 

1.46 x 0 
4 .8  x 1.55 x 

2 .  Cadmium S u l f i d e  Cells 

A s  y e t  I have only raw data f o r  t h e s e  c e l l s ,  k ind ly  
communicated t o  me by L. Secre tan .  From a r e c e n t  te lephone 
conve r sa t ion ,  I gather t h a t  we have t r e a t e d  the data d i f f e r e n t l y .  
H e  of course has no r e s p o n s i b i l i t y  f o r  t h e  way i n  which I have 
a t t a c k e d  the problem, which seems t o  me t h e  s imples t  and most 
v a l i d  f o r  the data a v i l a b l e .  



Data: The total area exposed was 40 cm2 (Hastings ( 6 3 )  

q67 days or 5.8 x 108 seconds) the exposure was 2.3 x 104 m2 sec . 
10 increments in the open area" of the cells had occurred. 
Increments were observed in only one cell at a time, so that it 
is plausible that each represents one impact. Mr. Secretan 
cautions that the experiment could be interrogated only irregu- 
larly, so that 10 is a lower bound. 

uotes 7.52 square i ches, or 48.5 em2). Through February 20 
11 

The nominal puncture rate in 1/4 mil mylar sheet is 
-2 then: - 

thickness (inches) puncture rate (raw, m sec-') 
.00025 4.4 
The conversion of thickness of mylar to equivalent 

The density of mylar is 1.395 gm/cc. aluminum is difficult. 
Neither the velocity of sound nor the Brinnell Hardness of the 
material (which is not available save in films) are available. 
Neither is there w 1 controlled experimental data. It is known 
that nominally lo-?$ kg iron particles (launched by the STL 
electrostatic accelerator) at 5 km/second will penetrate the 
quarter mil films. The experiments were not well controlled, 
at least in the sense that no direct comparison with aluminum 
was made. 

Using the tensile elastic modulus (550,000 psi) one 
can estimate the velocity of sound as 1.4 km/second; this 
yields: T mylar x 3.7 = T aluminum. 

and using the Ames penetration equation (3.5) one obtains: 
Accepting the 10-13 kg as the mass just penetrating 

T mylar x .3 = T aluminum. 

According t o  this, mylar has a resistance to impact 
comparable with an ultra strength steel.* This does not seem 
at all likely. Clearly the data as it stands is not very 

indicating the valuable. 
uncertainty in equivalent thickness by a bar. Better calibra- 
tion work should be done. With this decision, we obtain for 
the Cd S cells, (correnting the flux for shielding), 

aluminum' We plot Tmylar 3.7 = T 

thickness puncture rate 
1.6 x rn 5.9 x 10 m sec-l -4 -2 

* At low velocities, where scaling with (Ht)-lI3 is fairly 
accurate. If this calibration were correct, there would be no 
question but that spacecraft would be constructed exclusively 
of mylar film. A weight advantage of about six times would be 
obtained over aluminum! 

0 
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3. Other Data 

were taken from Alexander, McCracken, Secre tan ,  and Berg (1962), 
an e x c e l l e n t  and complete review. 

The remaining d a t a  a r e  those  of e d i t i o n  one. These 

I n  p l o t t i n g  the pene t r a t ion  measurements, t h e  
c h a r a c t e r i s t i c  dimensions f o r  p e n e t r a t i o n ”  must be converted 11 

t o  equiva len t  aluminum th i cknesses .  The choice of t h e  Ames 
c r i t e r i o n  r e q u i r e s ,  then  s c a l i n g  a s  t h e  two- th i rds  r o o t  o f  
t h e  product of  t a r g e t  dens i ty  and v e l o c i t y  of  sound, When 
more data i s  a v a i l a b l e ,  t h e  smoothness o f  such a p l o t  may be 
h e l p f u l  i n  choosing a proper  p e n e t r a t i o n  l a w .  

The data a r e  l i s t e d  i n  t h e  Table I fo l lowing .  The 
I wires” r e q u i r e  complete severing f o r  an i n d i c a t i o n .  They I 1  

might wel l  be assigned a smaller  T .  

3.1 Conversion t o  Equivalent  Aluminum 

= T (&A! 2/3 = T/A 
T A l  pA1 ‘A1 

Ma te r i a l  D gm/cc c km/sec 
Pyrex 2.8 5.6 ( ? )  
Mylar 1 . 4  1.4” 
Magne s ium 1 .7  4.6 
S t a i n 1  e s s 

S t e e l  304 7 5 ( ? )  
Copper 8.9 3.6 
Aluminum 2 .7  5 . 1  

A 

93 
3.7 ( s e e  above) 
1 . 5  

54 
58 

4 ,  Acoustic Measurements 

A s  i nd ica t ed  i n  t h e  t e x t ,  a c o u s t i c  measurements are 
p l o t t e d  us ing  the A m e s  equat ion i n  t h e  form 

* Computed f rom t e n s i l e  e l a s t i c  modulus 550,000 p s i .  
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1 

The mean value o f P p  i s  lo3 g/cc, o f  cose , l /2 ,  of v,1.8 x 10 4 km/sec. 
I n  terms of cgs  momenta, we o b t a i n  

-4 1/3 
( pcgs) T = 3.3 x 10 

The s a t e l l i t e  measurements a re  summarized i n  the Table 2 .  

5.  Venus F l y t r a p  

P a r t i c l e s  co l l ec t ed  by t h e  Venus F l y t r a p  recoverable  
sounding rocket  (Soberman e t  a l ,  63) have a cumulat ive s i z e  
d i s t r i b u t i o n  varying as t h e  - 1.3  power of  pa t i c l e  diameter  
(from .2 t o  3 d i a m e t e r ) .  A f l u x  of 300 m-5 s e c - l  of 
p a r t i c l e s  exceeding 3 i n  diameter i s  found. This i s  a lower 
bound, based on t h e  assumption that  the  p a r t i c l e s  were f a l l i n g  
with te rmina l  v e l o c i t y .  

Three l a r g e  h o l e s  ( c e r t a i n l y  low v e l o c i t y  impact) 
were observed i n  6 micron m y l a r  f i l m ,  wi th  an exposure of 
56.6 m2 s e c .  
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APPENDIX 5 

THE PROPERTIES OF VISUAL METEORS 

T h i s  appendix b r i e f l y  summarizes t h e  r e l a t i o n  
I I  between 

i n t e r e s t ,  i . e . ,  mass, v e l o c i t y ,  and s t r u c t u r e .  Some prel im- 
ina ry  r e s u l t s  on s imulated meteors w i l l  be d i scussed .  

v i s i b l e  magnitude'' and the meteoroid p r o p e r t i e s  of 

Complete accounts  of  t he  theory  occur  i n  Opik (58), 
Levin (56), and throughout the  papers  o f  t h e  Harvard Group. 
Our purpose i s  not t o  present  a r igo rous  and complete t rea tment ,  
but r a t h e r  t o  d e f i n e  t h e  problem enough so  tha t  t he  theory  and 
experiment can be compared. 

B r i e f l y ,  i t  appears t h a t  the  t h e o r e t i c a l  t r ea tmen t s  
a r e  i n  e x c e l l e n t  accord w i t h  t h e  f a c t s  as f a r  as s imulated 
s o l i d  meteors a r e  concerned, Since the  n a t u r e  and composition 
of d u s t b a l l s  a r e  unknown, the re  w i l l  probably be u n c e r t a i n t y  
about them f o r  some t ime.  

Magnitude Sca le s ;  Photometry 

The magnitude sca l e  i s  very o l d .  Ptolemy's  s ta r  
c a t a l o g  ranks s t a r s  i n  s i x  ' 'magnitudes" i n  diminishing o rde r  
of  b r i g h t n e s s .  I n  modern times, t h e  s c a l e  has  been made 
q u a n t i t a t i v e  and extended i n  b o t h  d i r e c t i o n s ,  d e f i n i n g  magni- 
t udes  above t h e  s i x t h  f o r  s t a r s  v i s i b l e  only i n  the  t e l e scope  
and negat ive  magnitudes f o r  t h e  more b r i l l i a n t  o b j e c t s  ( t h e  
v i s u a l  magnitude o f  t he  sun i s  -26 .7) .  A l t e rna te  s c a l e s  
(photographic ,  e t c . )  a r e  defined f o r  s enso r s  o t h e r  than  t h e  
human eye.  These s c a l e s  a re  made to agree  f o r  sources  of one 
s p e c t r a l  type (as ,  A,  s t a r s ,  f o r  photographic  and v i s u a l  s c a l e s ) .  
For  t h i s  a r t i c l e ,  we s tandard ize  on a convent ional  photometr ic  
s c a l e .  (Handbook of Geophysics 1961) .  

I 1  A numerical  expression f o r  t h e  v i s u a l  as t ronomical  
I 1  magnitude, M, o f  a source is  
M = 2.5 l o g  eo /e  
Magnitude i s  a measure o f  the I I  i l luminance,  11 e ,  of 

the  source,  measured i n  f o o t  candles  o r  l u x  (meter  c a n d l e s ) .  
The cons tan t  e o  i s  t h e  i l luminance o f  a e r o  magnitude s ta r ,  
1 ,944  x 10-7 f o o t  candles  o r  2.094 x lo-' l u x .  0 
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Absolute Visua l  Magnitude of Meteors 

To remove t h e  e f f e c t s  of range and abso rp t ion ,  v i s u a l  
magnitudes a r e  co r rec t ed  t o  absolu te  v i s u a l  magnitudes.  That i s ,  
magnitudes a r e  c o r r e c t e d  t o  the  value they would have i f  t h e  
meteor were d i r e c t l y  overhead a t  an a l t i k u d e  of 100 k i lome te r s .  
I n  t h i s  case ,  t h e  absorp t ion  amounts t o  about 20s of the source 
f l u x .  

To ta l  Source Flux 

I f  t h e  i l luminance a t  t h e  su r face  of t h e  earth i s  e ,  
the t o t a l  luminous f l u x  9 ,  at t h e  source i s  

(A5-2) p = (47rR2e) 1 

where R i s  the  range and K t h e  abso rp t ion .  

A l t e r n a t e l y ,  we may w r i t e  

1- oc 3 = 47rR2eo 10-0*4M - 1 

-0.4M = ito 10 
where g o  i s  the  t o t a l  luminous f l u x  from a zero  magnitude 
meteor .  A t  an a l t i  ude of 100 km, and w i t h  an abso rp t ion  of 
20$, so = 3.29 x 105 lumens. 

T h i s  corresponds (685 lumens/watt) to 480 watts of 
monochromatic r a d i a t i o n  of wavelength 555 mi l l imic rons .  T h i s  
s u b s t a n t i a l  energy product ion i s  r e l a t e d  t o  the ins tan taneous  l o s s  
of k i n e t i c  energy of  t he  meteor v i a  two f a c t o r s ,  one photometr ic  
and one p h y s i c a l .  

R e l a t i v e  Luminous Ef f i c i ency  

The " r e l a t i v e  luminous e f f i c i e n c y ,  I I  r ,  of any r a d i a t i o n  
source  i s  i t s  e f f e c t i v e n e s s  in  producing v i s u a l  s e n s a t i o n  
r e l a t i v e  t o  a source a t  555 mi l l imicrons .  Typica l  r e l a t i v e  
luminous e f f i c i e n c i e s  a r e  .1355 f o r  b l ack  body r a d i a t i o n  a t  
6 0 0 0 ° ~ ,  and .016 f o r  t h e  i r o n  a r c .  

Meteor r a d i a t i o n  c o n s i s t s  of l i n e  s p e c t r a  a r i s i n g  f rom 
the decay schemes of exc i t ed  atoms. 
predominant,  o t h e r  a tomic  spec ies  having much smaller r e l a t i v e  
e f f i c i e n c i e s .  
be approximated as 

The i r o n  l i n e s  a r e  g e n e r a l l y  

The r e l a t i v e  luminous e f f i c i e n c y  of  a meteor can 0 
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where C F ~  i s  t h e  percent  of i r o n  i n  t h e  meteor and r~ ~ ~ 0 1 6  is  
t h e  r e l a t i v e  luminous e f f i c i e n c y  of i r o n  r a d i a t i o n .  Froper ly  , 
equat ion  (A5-5) should be augmented by similar terms f o r  each 
element p r e s e n t .  

Conversion of  K ine t i c  Energy t o  Radia t ion  

chemical) ,  the luminous f l u x  from a meteor i s  reduced because 
not a l l  of the me teo r ' s  k i n e t i c  energy appears a s  r a d i a t i o n .  

The source of t h e  r a d i a n t  power i s  t h e  ins tan taneous  
l o s s  of k i n e t i c  energy, T 

I n  a d d i t i o n  t o  t h e  above f a c t o r s  (photometr ic  and 

O f  t h i s ,  a f r a c t i o n  q appears as r a d i a t i o n ;  and, as suggested 
above, a f r a c t i o n  q VFe CFe i s  v i s u a l l y  e f f e c t i v e .  
q u a n t i t y  q i s  a func t ion  of v e l o c i t y .  
an inve r se  v a r i a t i o n  w i t h  v e l o c i t y  ( l / v )  f o r  dus t  ba l l s ,  and 
a d i r e c t  v a r i a t i o n  (v )  f o r  heavy, compact meteoroids .  The 
two spec ie s  a r e  equiva len t  near 15 ki lometers  p e r ,  second. 

The 
Opik 's  a n a l y s i s  sugges ts  

Comparison of  Theory and Experiment 

The comparison of t h e o r i e s  and experiment i s  
complicated by t h i s  v e l o c i t y  dependence and by a d i f f e r e n c e  i n  
language among t h e  e x p e r t s .  

Opik (58) t a b u l a t e s  (Table 11) h i s  t h e o r e t i c a l  va lues  
o f  the dimensionless  quan t i ty  

f o r  bo th  compact and dust  b a l l  c a s e s .  

R .  E .  McCrosky and R .  K .  Soberman (63) have r epor t ed  
results from an a r t i f i c i a l  meteor experiment.  A small (2 .2  gm)  
s t a i n l e s s  s t e e l  p e l l e t  was acce le ra t ed  by a T r a i l  Blazer  I1 
r o c k e t ;  i t  r een te red  t h e  atmosphere with a v e l o c i t y  of 10 kilom- 
e t e r s  pe r  second, and was observed by the s tandard  two-camera 
technique .  

I n  the  r educ t ion ,  a I '  luminos i ty  c o e f f i c i e n t "  i s  
employed which inc ludes  a l l  o f  t h e  c o n s t a n t s  mentioned above. 
It i s  assumed thatf!=fov, and fo i s  t a b u l a t e d .  0 
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I n  our  fo rma l i sm,  we could express  t h e  r e l a t i o n  
between k i n e t i c  energy and luminous f l u x  as 

(A5-8) -0.4M 

The Harvard Group g e n e r a l l y  uses  

! t o  v = 10 -0*4Mpg = 10 - .72-0.4M (A5-9) 

where Mpg = M-1.8 i s  t h e  photographic magnitude of t h e  meteor.  

Thus, t o  compare with Opik (A5-7), w e  w r i t e  

The s imulated meteor  experiment y i e l d s  a va lue  

( A 5 - 1 1 )  -19 ( f l u x  o f  zero  photographic magnitude meteor) to = 8x10 
grams cm3 sec-4 

T h i s  i s  descr ibed  a s  a lower l i m i t .  
(6 .6-8 .6) .  
o f  t h e  p e l l e t  would l ead  t o  a range of  (3,  10) x 19-19, 

o b t a i n i n g  

The expected range i s  
A p o s s i b l e  c o r r e c t i o n  f o r  t h e  chromium content  

We i n s e r t  t he  value der ived  above f o r  To (480 wat ts) ,  

e =  V 7.0 x 10 -lo seconds/cm (A5-12) 

We e v a l u a t e  a t  15  km/sec and o b t a i n  t h e  fo l lowing  experimental  
va lue ,  r e c a l l i n g  t h a t  i t  i s  quoted a s  a lower l i m i t  and has an 
u n c e r t a i n t y  something near  two times a s s o c i a t e d  wi th  it. 

I r o n : / 8 =  10 -3 (Experimental)  05-13)  
Opik (58 ) ,  i n  h i s  Table 11, does not  d i s t i n g u i s h  - 

between i r o n  and s tone  meteoroids,  i . e .  no composition depen- 
dence i s  implied.  For v e l o c i t i e s  of 14.8 km/sec t h e  va lues  of 

(comparable w i t h  McCrosky) cases:  
p d i l u t e  = 1.00 x 
0 compact = 1.10 x 10-3 

are as fo l lows  f o r  t h e  I t  d i l u t e  coma" and 11 compact coma" 

(Theory) 

The agreement may be m i l d l y  descr ibed  as e x c e l l e n t .  
1 .  

1 

I 
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Addit ional  Information 

A very d e t a i l e d  a n a l y s i s  of t h r e e  photographic meteors 
has  been made by Cook, Jacchia ,  and McCrosky ( 6 3 ) .  By c a r e f u l  
s tudy,  they  e s t ima te  the r a d i u s  of an i r o n  meteor (G.5<r,(0.9 cm) 
and d e r i v e  a mass and hence a luminos i ty  c o e f f i c i e n t .  
r = 0 .7  cm, they  o b t a i n  

Choosing 

To = 2 x 10 -18 ( u n i t s  as above) range (1 t o  6)  

o r  

@ = 1.8 x seconds/cm 
V 

f i  = 2.7 x at  15 km/second (Experimental)  (A5-16) 

The u n c e r t a i n t y  he re  i s  presumably r a t h e r  more than  two t imes.  
The agreement i s  good. 

Luminous Ef f i c i ency  of Meteors 

A s  noted i n  the  t e x t ,  Professor  Whipple (63) flux-mass 
d i s t r i b u t i o n  has been incorpora ted .  He u t i l i z e s  a va lue  

-19 (flux of  zero photographic magnitude meteor) To = 2 x 10 
grams em3 sec-4 

as a p p r o p r i a t e  for a s tony meteor. T h i s  involves  some judgment 
as t o  the r e l a t i v e  weights  t o  be placed on (A5-11) and (A5-16), 
and assumes a meteoroid conta in ing  15% i r o n .  

T h i s  va lue  corresponds to a zero  v i s u a l  magnitude s tony  
meteor of one gram mass a t  v e l o c i t y  30 km/second. Its uncer-  
t a i n t y  i s  i n  p a r t  experimental  (perhaps  0 . 3  l o g a r i t h m i c a l l y )  
and i n  l a r g e  p a r t  due to t h e  assumption of dus tba l l  composition. 
Dustball compositions are u n l l k e l y  to exceed 20% i n  i r o n  o r  
t o  be l e s s  than  1% i r o n ;  t h e  range permi ts  only an inc rease  i n  
t h e  mass s c a l e .  

Hawkins (63)  from h i s  s t u d i e s  of t h e  ionizing effi- 
c iency  of radar meteors f e e l s  that  t he  11 zero  magnitude mass" may 
be perhaps 6 .5  grams. The es t imate  i s  no s t r o n g e r  than  the l a s t .  
It seems that  the  range o f  0.5 - 5 grams i s  most probable .  
Levin (56)  i s  o f t e n  quoted as a d iscrepancy .  
10 km/second, 1 gram, i r o n  meteoroid i s  o f  v i s u a l  magnitude 2.86.  

H e  s t a t e s  that  a 

a 



- - 0.4 x 2.86 The 0 magnitude meteoroid then h a s  a mass of 10 
11.44 grams. 
meteoroid has a mass of about, 0.43 grams, 
t h i s  would be up 6x o r  r i g h t  back i n  t h e  range.  

Since (equat ion  5.4) b r i g h t n e s s  -mv3, a 30 km/second 
For s tony meteoroids ,  

Hawkins a s c r i b e s  t o  the ze ro  magnitude p a r t i c l e  a 
mass u n c e r t a i n t y  of 5x, which seems reasonable ,  a l though our 
one gram va lue  i s  a t  the smaller end of the range.  Cont inuat ion 
of the s imulated meteor program should r e s o l v e  the discrepancy 
between v i s u a l  and i o n i z i n g  e f f i c i e n c y ,  and t i e  down t h e  v a r i a -  
t i o n  o f t  w i th  v e l o c i t y  and composition. 
d u s t b a l l s  i s  s o  l i t t l e  understood,  l i t t l e  d i r e c t  information on 
these o b j e c t s  w i l l  be obtained.  

Since the n a t u r e  of  
I 
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APPENDIX 6 

COMPARISON WITH F .  L .  WHIPPLE'S MODEL 

Pro fes so r  Whipple publ ished a new meteoroid model 
i n  1963. A s  we s t a t e  i n  t h e  t e x t ,  t h e  mass- inf lux  r e l a t i o n  
proposed t h e r e i n  has  been adopted a s  a s t anda rd  by the Office of  
Manned S p a c e f l i g h t .  The p e n e t r a t i o n  model f o r  v i s i b l e  meteors  
used here ( equa t ion  6.4) and D r .  Whipple's ( equa t ion  6.8) 
d i s a g r e e  l o g a r i t h m i c a l l y  ( t o  t he  base 10) by 1.96, o r  91 times. 
This  d ivergence  can be f a i r l y  c l o s e l y  accounted f o r  i n  terms 
of  o u r  s p e c i f i c  assumptions and h i s  use of t he  Hermann & Jones 
Logarithmic p e n e t r a t i o n  law ( s e e  Appendix 3 ) .  I n  t h e  remainder 
of  t h i s  appendix, we l i s t  the assumptions and a s s o c i a t e  wi th  
each an  approximate logar i thmic  d ivergence .  The sum i s  
reasonably  c l o s e  t o  1.96. 

( a )  S h i e l d i n g  

Whipple quo te s  a 'hear e a r t h "  f l u x ;  i . e . ,  a space- 
c r a f t  i n  low e a r t h  o r b i t  i s  " sh ie lded"  by t h e  e a r t h ,  reducing  
t h e  t o t a l  i n f l u x  a f a c t o r  of  two, T h i s  of course  i s  a m a t t e r  
of  choice ,  bu t  t h e  unshielded f l u x  i s  more a p p r o p r i a t e  f o r  
a l u n a r  mission.  

The remainder of t h e  d i s c r e  ancy a r i s e s  i n  t h e  p e n e t r a t i o n  
law. Since the  Whipple (63  P f l u x  v a r i e s  a s  t h e  4.02 power 
of  w a l l  t h i ckness ,  logar i thmic  d e v i a t i o n s  i n  w a l l  t h i c k n e s s  
must be m u l t i p l i e d  by t h i s  f a c t o r .  

0.3 Discrepancy : 

( b )  Ma te r i a l  S t r e n g t h  

A s  s t a t e d  i n  t h e  t e x t ,  we f e e l  t h a t  s c a l i n g  pene t r a -  
t i o n  by t h e  B r i n n e l l  Hardness Number of t h e  t a r g e t  i s  not  
d e s i r a b l e  f o r  meteoroid impacts, and t h a t  c e r t a i n l y  no power 
law f i t  t o  t h e  s c a l i n g  r e l a t i o n  should be s t r o n g e r  than  t h e  
0.15 power of  hardness .  The Hermann & Jones c o r r e l a t i o n  a s  used 
by Whipple i s  approximately equ iva len t  t o  a 1/3 power s c a l i n g .  
Equat ing  the  Hermann & Jones and Ames c r i t e r i a ,  ou r  "s tandard 
aluminum" corresponds t o  a s o f t  m a t e r i a l  of  hardness  25 kg/mm2. 
Whipple uses  a s t anda rd  "hard aluminum'' of haydness about  

kg/m2' Discrepancy i n  p e n e t r a t i o n :  .233 i n  f l u x :  0.936 

( c )  Impact Damage 

1.8 times t h e  c r a t e r  depth  i n  a s e m i - i n f i n i t e  t a r g e t .  
i n  t h e  t e x t ,  exper imenta l  values  o f  2 have been observed.  

We assume t h a t  t h e  w a l l  t h i c k n e s s  p e n e t r a t e d ,  T, i s  
A s  s t a t e d  0 

I Whipple uses  t h e  more t r a d i t i o n a l  1.5. 
1 

Discrepancy i n  T: 0.079 i n  f l u x :  0.318 
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(a) Meteoroid Veloc i ty  

Whipple uses  a mean meteoroid v e l o c i t y  of 22 km/sec, 
s i n c e  h i s  model i s  intended t o  cover  the  e n t i r e  range of 
meteoroids;  f o r  t h e  v i s u a l  meteors a lone ,  t h e  average v e l o c i t y  
i s  30 km/sec, a s  used h e r e .  I n  both  c r i t e r i a ,  t he  e f f e c t i v e  
exponent of v e l o c i t y  is  about 2/3. 

Discrepancy i n  T: +0.09 i n  f l u x :  +0.362 

( e )  Angle of Incidence 

We allow a v c o s 8  (normal v e l o c i t y )  dependence of 
p e n e t r a t i o n  on angle  gf impact. This  i s  probably t o o  s t r o n g .  
Whipple does not make allowance f o r  obl ique impact.  This  i s  
t h e  one f a c t o r  i n  which our model i s  l e s s  severe  than  
Whipple 's .  The mean value o f  c o s  8 i s  a h a l f .  

Discrepancy i n  T:  -0.20 i n  f l u x :  -.804 

( f )  Meteoroid Density 

Whipple uses  a meteoroid d e n s i t y  of 0 .44 gm/cc. 
We f e e l ,  t oge the r  with Levin and o t h e r s  t h a t  t h e  d e r i v a t i o n  o f  
t h i s  value from the  dece le ra t ion  equat ion  n e g l e c t s  t h e  f r a g -  
mentat ion of the  meteoroid and is  f a l l a c i o u s .  We choose one 
gram per  c c .  A s  used b y  Whipple, t h e  Hermann & Jones equa t ion  
depends on something l i k e  the 0 . 5  power* of  t he  p a r t i c l e  d e n s i t y ,  
a s t r o n g e r  dependence t h a n  any o t h e r  c r i t e r i o n  i n  t h e  (hyper-  
v e l o c i t y )  l i t e r a t u r e .  

Discrepancy i n  T:  0.178 i n  f l u x :  0.716 

To summarize, we have: 
s h i e l d i n g  Discrepancy i n  f l u x :  0.300 
m a t e r i a l  s t r eng th  0.936 
impact damage 0.318 
me t e o r 0  i d  vel  o c i t  y 0.362 

d e n s i t y  0.716 
angle  of incidence -0.804 

T o t a l  1 .828 

* Here, we a r e  d i scuss ing  t h e  dependence of T/m1l3. I n  Ap e d i x  3, 
w e  compared T/d, and the  dens i ty  dependence i s  h ighe r  b y P  v3. 

P 
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The n e t  remaining discrepancy, 0.13, i s  c e r t a i n l y  due t o  our  
underes t imat ing  the dependence o f  the Hermann & Jones c o r r e l a -  
t i o n  on e i ther  d e n s i t y ,  hardness,  o r  v e l o c i t y .  

Comparing the Whipple p e n e t r a t i o n  model and our own 
on an equiva len t  basis, that  is, both  "near  earth" o r  deep 
space,  the divergence i s  46 t imes .  The O s o f t e s t "  s ta tement  
i n  t h e  s e t  above i s  that on angle  o f  incidence,  which would 
make the discrepancy worse. 

It should be emphasized that  t h i s  discrepancy i n  
f l u x  corresponds t o  only a 2.6 times d i f f e r e n c e  i n  p e n e t r a t i o n .  
C lea r ly ,  i n  c o n s t r u c t i n g  a meteoroid puncture  model a very  
c a r e f u l  and consc ien t ious  a n a l y s i s  of the p e n e t r a t i o n  law 
i s  r e q u i r e d ,  
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APPENDIX 7 

VALUE OF THE SA-9 AND SA-8 SI1OTS 

The Sa tu rn  launched micrometeoroid measurement capsu le s  
have the  c a p a b i l i t y  to s u b s t a n t i a l l y  reduce t h e  s i z e  of t h e  
e r r o r  envelopes shown on Figure 7. They should d e l i m i t  t h e  

necessa ry  to app ly  t h i s  d a t a  to s p a c e c r a f t  d e s i g n .  Fu r the r ,  
t he  "proof" o f  bumper wa l l  s t r u c t u r e s  w i l l  remain a major un- 
c e r t a i n t y .  

power of meteoroids c l e a r l y .  S ince  t h e  t h i c k n e s s  
aluminum i s  small ,  e x t r a p o l a t i o n  w i l l  s t i l l  be 

I n  t h e  fo l lowing  t a b l e ,  we summarize t h e  exposures and 
th i cknesses  of t h e  SA-9 experiments; f o r  t h r e e  h y p o t h e t i c a l  
f l u x  l e v e l s ,  we show how t h e  r e s u l t s  might appear .  The s h i e l d -  
i n g  f a c t o r  employed i s  4/3, t h e  same a s  for Explorer  XVI. O n  
F igu re  A-2, w e  p l o t  t he  r e s u l t s  for t h e  t h r e e  cases :  

( a )  The h e a v i e r  t h i cknesses  (.008" and .016") have 
no punctures .  A s  i n  F i g m e  7, t h e  t a i l  o f  t h e  
arrow i s  a f l u x  which i s  95% l i k e l y  t o  r e s u l t  
i n  puncture .  The s l a s h  i n  t h e  middle of the  
arraw i s  a f l u x  50% l i k e l y  t o  r e s u l t  i n  
punc t ure  . 
Has t ing ' s  l e a s t  square f i t  of t h e  Explorer  XVI  
d a t a  i s  v a l i d .  The expected counts  ( i n  t h e  
t a b l e )  show t h a t  on ly  smal l  e r m r  f l a g s  would 
be necessary .  

( b )  

( c j  A n  o p t i m i s t i c  es t imate  of t h e  f l u x  i s  confirmed. 

It i s  seen t h a t  t he  SA-9 and SA-e should markedly reduce 
t h e  u n c e r t a i n t y  i n  t h e  s i g n i f i c a n t  range f o r  a s t r o n a u t s .  How- 
eve r ,  u n l e s s  t h e  Sa tu rn  r e s u l t s ,  l i k e  t h e  hypothesized cases ,  
a r e  extreme, t h e y  should have only  a modest e f f e c t  i n  t h e  s i g n i -  
f i c a n t  range for s p a c e c r a f t .  
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FIGURE A-2 PENETRATION FLUX ERROR ENVELOPES FOLLOWING 
MEASUREMENTS BY SA-9, SA-8. 
FLUX LEVELS, @, @, @, ARE LISTED IN THE TEXT. 
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